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1.0 


SUMMARY 


Tlio high tempo raturo (G30*t ) cyclic life capability of two 
advanced aircraft engine disk alloys and ono conventional dink alloy has 
boon evaluated. The cyclic lile capacity of nn advanced turbine disk 
design baa been predicted using the materials heavier data to establish 
tho rolativo impact of these advanced alloys on engine disk life. Powder 
metallurgy Hone ’95 processed by the hot isostatically pressed and forged 
method and by hot Isostatically pressing alone was compared to 
conventional ly forged Inconel 718, Program test materials wore taken from 
disk shapes or material processed to disk material specifications. 

The low cycle fatigue under strain cycling conditions and the 
crack growth behavior of all three alloys wore evaluated at G50°*, which 
was identified as a representative temperature for advanced disk 
applications. Cyclic data were generated under both continuously cycling 
conditions and hold time cycling where a tensile hold time at maximum load 
of 15 minutes was imposed. This 15 minute hold period was to simulate 
high stress conditions at tempo raturo for long durations typical of 
advanced turbine disk operation. 

Low cycle fatigue under continuous cycling demonstrated expected 
bohavlor. Significant reductions in the cyclic life of two of the 
materials were observed with the superimposed hold time. As-HIP Hone ' 1)5 
had only minor life loss with hold time while Inconel 718 had very 
significant life loss with hold time. HIP and forged Hone '95 had 
monsuroable losses in life with hold times. However, both forms of Rene '05 
were quite superior to Inconel 71 v . in strength for a given lifetime with a 
15 minute hold time superimposed. 

The low cycle fatigue data were analyzed to evaluate the usefulness 
of possiblo life prodiction criteria. Ductility Normalized Strain Range 
Partitioning and the strain energy concept tor normalizing low cycle 
fatigue and hold time low cycle fatigue data were evaluated. Using the 
limited data of this program, the strain energy approach appeared to offer 
more potential for life prediction. 

The continuous cyclic crack growth behavior of both forms of 
Rene *95 were identical and both wore somewhat inferior to Inconel 718 
in this rospcct. With hold times, the crack growth rates of all three 
alloys wore greatly effected. Tho threshold stress intensities for crack 
growth were increased over those for continuously cycling in all materials. 
At stress intensities above the threshold of growth, the hold time greatly 
increased the crack growth rates. The effects of hold times, particularly 
on tho threshold values were shown to be test stress level dependent and 
demonstrated that linear elastic fracture mechanics methods could not 
normalize this materials behavior. 



Using the generated materials data, life predictions were made for 
the low cyolo fatigue crack initiation and crack propagation lives of an 
advanced turbine disk using the throe alloys. An assumed transport mission 
profile was simplified to uae the isothermal program data. Two potential 
life limiting areas in the disks were analyzed. Only one of those 
locations had finite life and Indicated that both forms of Rono'95 had 
equivalent crack initiation lives and were superior to Inconol 718, At the 
conditions of the simplified cycle, In- <nol 718 had superior crack growth 
tolerance. However, at this life limiting location, the actual temperature 
was 505°C rather than 65oPp of tho test data. Using data available from 
other sources, crack propagation lives wore predicted at this more realistic 
condition. With this refinement, Rene *95 was shown to be far superior to 
Inconel 718 in both crack initiation and crack propagation livea, 

2.0 INTRODUCTION 


Continued demand for higher performance Jet engines with higher 
efficiency, longer operating lives and improved reliability has 
encouraged tho continued development of now turbine disk materials with 
higher strengths and higher temporature capabilities. Alloy developers 
have provided now disk materials for uso on current development enginos 
and are working towards oven higher strength materials for advancod designs. 
Many of their recent efforts in alloy developments havo boon diroctod at 
powder metallurgy processing which helps avoid many of tho forging 
difficulties of thoso very high strength materials. The rocont advancos 
in wrought powder-metallurgy superalloys offor disk life extension 
potential. The selection of those advanced materials employing such new 
technologies thus dictated a comprehensive evaluation of theso materials 
under realistically simulated engine disk operation. During alloy 
development programs, conventional mechanical properties are evaluated. 
Theso typically include somt. assessment of cyclic life behavior, but 
seldom include fc thorough study of crack initiation and propagation needed 
to establish life limits. Usually, those are not established until well 
into the production cycle of the engine. This development cycle has 
generally proven adequate for conventionally cast and wrought disks. 

However, with tho genoral commitment to powder metallurgy for advancod 
turbine disk materials, a critical assessment of the lifo limiting 
properties earlier in the development cyclo was essential. This program 
was conducted to obtain a rolativo comparison of the cyclic life 
capabilities of turbine disk materials produced by three current 
processing methods of forging from billet, hot isostatically pressing 
powder followed by hot die forging, and by hot isostatically pressing 
powder alone. 

The materials evaluated in the program were Inconol 718, 
representing a conventionally forged alloy with wide current usage, powder 
metallurgy wrought Rene ‘95 as typical of the next generation of turbine 
disks, and powder metallurgy Reno *95 in the as-hot-lsostatically pressed 
condition. The latter two materials are representative of significant 
advances in both strength and temperature capabilities over current turbine 
disk materials. Theso three allovs represent approximately a third of the 
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major material* being used or developed by the industry for advanced turbine 
disk applications, Under a parallel effort, United Techno logics, Inc,, 
under NASA Contract NAS 3-20307 is evaluating several other competing 
alloys. 


Concurrent with the alloy development, much effort is being 
directed by the jet engine industry to improve the life management of engine 
hardware, Critical to this improvement Is rellm ie definition of the 
crack initiation and crack propagation lives of engine turbine disks. This 
emphasis on improved life management has highlighted the need for early 
assessment of new material developments for their eye lie properties and the 
impact of those on disk component lives. This program accomplished this 
evaluation by generating cyclic behavior data on the three alloys under 
test conditions simulating advanced disk operation. Of particular interest 
in advance disks is the extended operation at relatively high temperatures 
(G3Qt*C) in some disk locations where time dependent creep effects can be 
significant. The selected test conditions of G50 W C coupled with hold times 
up to 13 minutes, arc typical of conditions projected for these locations 
in advanced disks. 

Because of the emphasis on U;m» dependent effects on low cycle fatigue 
behavior, research has been director at developing predictive methods for this 
phenomenon. Most prominent are the efforts of Halford, et al at NASA- 
Lewis on the Strain Range Partitioning although others have indicated some 
success in this area. The data generated in this program has provided an 
opportunity to assess these techniques for turbine disk use, Similarly, 
much effort has been directed at extending elastic fracture mechanics 
methods into the creep deformation regime experienced in turbine disks. As 
a result, emperieal methods have been developed at temperatures to ()50°0 
(12O0°F) but with short hold times. The crack growth data front this 
program has permitted the assessment of these methods for the long hold 
times of advanced engines. 

Essential to the understanding of the cyclic behavior of disk 
materials is the identification of active mechanisms controlling crack 
initiation and growth. Detailed fraetography of the failed specimens can 
provide much insight into these mechanisms. Under a NASA grant, Dr, 
Antolovleh(2) at the University of Cincinnati has done extensive 
frnctographic examinations on the test specimens from this NAHA 'General 
Electric program. 

The assessment of the potential life capabilities of the disk 
materials was accomplished by life analysis of critical locations of an 
advanced turbine disk design under assumed engine operating conditions. As 
a first approach, the life of the component was analyzed utilizing a mission 
cycle which was reduced to isothermal conditions that allowed direct use of 
data generated In this p,wgrnm. As a refinement, when it was observed that 
invalid comparison could result with the isothermal approach, the life 
capability was analyzed utilizing a mission cycle with more appropriate 
temperatures and stresses, but requiring approximate materials life data. 
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MATERIAL AND TF.8T METHODS 

mmmmmm mm m rnmmmm* -. ' — — I 


Three material* were selected for cyclic (eating under thin contract 
Material selection was baaed on the c ✓jeetive of evaluating the cyclic 
behavior of advanced turbine disk alloys which are being developed for 
future engine application* a* compared with current conventional disk alloys 
Inconel VIS was ae levied a* representative of the family of conventional 
wrought - f rom- ingo t alloys in wide current usage as turbine disk materials 
in both military and commercial engine applications. Inconel 71S has been 
well characterized and an extensive data base is available for this alloy. 

As an alloy representative of the more advanced wrought-from prealloyed- 
powder family, the next generation of advanced disk materials, hot- 
isostatically-pressed and forged Reno '@3 (H+F Rene 'OS) was selected. This 
alloy offers higher strength and temperature capability coupled with life 
extension and cost reduction capability compared to existing wrought alloys. 
As-hot-i sos t a t lea 1 1 y-p iv«»ed (As-MP Rone ’95) was selected ns the alloy to 
represent the as-hot-isostatieaUy-pressed family of advanced disk alloys 
being developed for future advanced engine applications. The As-!IIP process 
eliminates the forging operation usually associated with superalloys and 
offers the potential for further strength improvement and cost reduction. 

Subsequent paragraphs in this Section describe the components 
selected for evaluation in this program as typical for each selected alloy, 
Ooneral requirements for each alloy, as well as specific qualification tests 
imposed on each alloy for use ill this contract, ore described, 

3.1 Inconel 718 

As previously indicated, Inconel 718 was selected as representative 
of the family of conventional wrought-from-ingot alloys in wide usnge in 
current aircraft engine turbine disk applications. Inconel 718, a 
development of the International Nickel Company, was first evaluated by 
engine manufacturers in the early lPCUl's, Subsequent development, 
evaluation, and application have thoroughly established its produclbillty 
in various mill product forms, and it is available from at least ten large 
mill suppliers. For engine disk or spool applications, it is produced 
by conventional cant ingot and forging or rolling. 

Inconel 718 is an ago-hardening alloy which nchieves its high 
tensile strength by precipitation of the compound Nig (Al, Ti, Cb). It 
contains five percent columbium which when added to the Ni-Cr-Fe base, 
results in outstanding age-hardening capability despite low levels of 
titanium and aluminum. This departure from conventional gamma prime 
strengthening slows the kinetics of aging, making the alloy less sensitive 
to hoat treatment practice. This relative Insensitivity is achieved, 
however, at the disadvantage of an overaging tendency at temperatures above 
700°C. Accordingly, most applications of Inconel 718 are limited to below 
630°C, With the widespread application of Inconel 718, a wealth of 
processing nnd operational experience exists. 



extensive notorial property date, including low cycle fatigue, hold time 
low cycle fatigue, and cyclic crack growth rate data, are available} as 
background to this contract, 

Selected as a typical Inconel 71H forging for qualification and 
evaluation under this contract was u commercial engine (CPG-6) high 
pressure compressor rotor spool, General Electric Company part number 
4013083-557P02, serial number 93120, This forging was procured to the 
requirements of General Electric material specification C50TP37, CLASS B, 
Premium Quality Inconel Alloy 718 Forged Parts, The forging was 
manufactured by Wyman -Gordon Company from billet (Heat #03120) supplied by 
Special Metals Company. The actual chemical analysis and C50TF37 
specification requirements for chemical analysis are as listed in Table I, 
All elements listed moot the specification requirements. Figure 1 shows 
a schematic cross-section of the rough machined forging, with specimen lay- 
out sketched for oaeh compressor stage section which was utilized for the 
contract test series. 

Figure 2 shows the micros true tool variation seen within a typical 
stage of this spool forging, with a duplex partially reerystnllizod 
micro structure evident at the rim aroo and a fully recrystnll ized fine 
grain mic restructure evident throughout the remainder of the cross-section, 
In addition to the general process and inspection requirements of C50TF37, 
specific mechanical property testing, with minimum acceptable property 
levels was roquired, C50TF37 requires miuimvim ItT and OSiVK' (13O0°F) tensile 
properties, minimum 05o°C (120O°P)/689,5 MPn (100 ksi) stress rupture life, 
minimum eye 1 '. itipture life ( lo-oo-io second cycle) at 503°C (11O0 :, F)/6B9.5 
MPn (100 maximum stress, and finally, a minimum residual cyclic 
fatigue in the presence of a .25 nun x 1,00 nun (0,01 in, x ,0*10 in.) 
do foot, Tho specified test condition for the residual cyclic life test 
wore 538°C (1000°F)/689,5 «tt»a (100 ksi) maximum stress, a load A ratio of 
,05 (lta.05) , and a test frequency of .33 Hz, The specimen in this 
residual life test has a rectangular cross-section test section which <s 
a surface crack introduced by fatigue cycling from a small Kl)M slot. 

Table II lists the results of the C50TF37 required mechanical 
property tests which wore performed on the selected Inconel 718 forging 
to qualify it for evaluation under this contract. The selected forging 
met all mechanical qualification test requirements and demonstrated an 
oxcollont combination of strength and ductility levels. This forging was 
acceptable for the evaluation planned under this contract. 
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Alloy No. 1 Wrought Incon 
Through the Cross Section 


OKKilNAI, I’ AUK 
OK l\HM UDAUTY 



Table I. Chemical Composition for Alloy 1, Inconel 718 

PIRCENT BY WEIGHT 



Supplier: 

8pecial Metals 
Heat No. 93120 




Required 

Actual 

Chemical Composition 




Carbon 


0.02-0.08 

0.035 

Phosphorous 


0.015 Max. 

0.005 

Sulfur 


0.015 Max. 

0.002 

Titanium 


0.75-1.15 

0.92 

Aluminum 


0.30-0.70 

0.47 

Manganese 


0,35 Max. 

0.03 

Iron 


15.0-21.0 

18.43 

Cobalt 


1.00 Mux. 

0.03 

Molybdenum 


2.80-3.30 

3,03 

Chromium 


17.00-21.00 

17.75 

Copper 


0.30 Max. 

0.03 

Silicon 


0.35 Max, 

0.12 

Nickel 


50-55 

53.81 

Columbium | 


4.75-5.50 

L 5.28 

Tantalum J 



( 0.03 

Boron 


0,006 Max. 

0.0041 

Magnesium 


0.01 Max. 

0.0004 

Calcium 


0.01 Max. 

0.005 

Heat Treatment: 

Solution at 

P54-982°C for 1 

hour/Alr, oil or water 


quench 

Age at 718 ^ 14°C for 8 hours: Furnace cool at 
56°C per hour to 621 - 14°C, hold for 8 hours and 
air cool 
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Table II. Qualification Teat Remit* for Alloy 1, Inconel 718 



Ultimate 
MPa (kai) 

0.2% Yield 
MPa (kai) 

El 

2L 

RA 

2L 

Tanaile Properties: 
Room Temperature 
Required Minimun 
Actual 

1275(185) 

1454(210.0) 

1034(150) 

1167(160.2) 

12. 

15.8 

15. 

23.0 

1200°C 

Required Minimum 
Actual 

1000(145) 

1162(168.5) 

862(125) 

072(141) 

12. 

20.8 

15. 

43.8 

Required Min. 
Time. Hra. % El 

Time, 

Actual. 
Hra . %E1 

%RA 

Stresa Rupture 
Strength: 
650°C/689.5 MPa 
<1200°r/100 ksi) 

25 5.0 

254.3 

17.3 

40,0 



Time, Hrs. 

Cycles 

Time, Hrs. 

3. Cyclic Rupture 
(10-90-10 Sec. 
Cycle) 

593°C/689,5 MPa 
(1100°P/100 ksi 
Max. Stress) 

72 

2000 

111.5 


Cycles 


Cycles 

4, Residual Fatigue 
Life A-Ratio - 
0.95 20 cpm 
538°C/689,5 MPa 
(1000°F/100 ksi 
Max.) 

5000 


7824 (TR) 
6945 (TA) 


Cycle* 


3,618 
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3.2 


HIP + Forged Rene *95 


Hot laostatically pressed and forged Rene '95 waa aelectod m 
representative of the family of wrought-fi'om-prealloyod-powder alloys being 
developed for advanced engino turbine disk applications. A number of 
critical rotating advanced engino parts have been designed and are bolng 
produced from prealloyed Rene *93 powder by tho HIP + forged process. 
Utilisation of the HIP + hot die forgai process offers tho potential of 
higher strength alloy development compared to conventional cast-from-ingot 
alloys where segregation probloma tend to limit maximun hardener content, 
while retaining the benefits associated with tho forging operation. The 
ability to thermomechanically process HIP Reno ’95 to provido the "necklace" 
partially recrystallized microstructure is seon as a major process advantage 
for HIP 4* forged Reno ’95, 

Rene ’95 strengthening, in the cast + wrought and tho HIP + forged 
versions, is achieved by a combination of y’ precipitation [Ni 3 (Al, Ti, Cb)], 
solid solution lattice strain, and thermomechnnical processing. Reno '95 
develops approximately 47 volume porcont y ' in the pnrtial solution-treated 
and aged condition. Solid solution strain hardening is predominantly 
achieved through refractory metal additives, while minor boron and zirconium 
additions impart beneficial grain boundary effects to enhance creep 
resistance. 

Reno ’95 heat treatment has boon established and consists of a 
partial solution of the y’ followed by a rapid quench and aging to 
precipitate fine y'. Hie \* solvus temperature is 1149°C*6°C (2100°F-10°F) . 

A one/hour 1092°C (2000°F) partial solution heat treatment followed by a 
538°C (1000°F) molten salt bath quench has been the typical solution 
practice. Aging for 16 hours at 760°C (1400OF) is specified as the final 
heat treatment step. 

The F101 engine HPT forward outer seal forging, part number 
4013211-1 41P01, was selected as representative of Reno '95 HIP + forged engino 
components. This forging serial number EX091 was forged by Ladish Company 
frim Cnrtech preform number C525 which in turn was made from Cartecli master 
povder blend number 55 (VIM bent number V91085). Chemical analysis results 
of this master powder blend 55 is listed in Table III and is compared to 
the chemical analysis limits specified in C50TF54. Nominal values are 
evicent for all elements listed. Figure 3 is a sketch of the F101 forward 
outer seal component used showing the overall part configux*ation and the 
specimen blank locations for qualification and cyclic life testing. Figure 
4 shows 100X and 500X photomicrographs of the resulting micros t, -rue turo of 
tho HIP + forged component. As noted a pseudo-necklace structure was 
achieved. This microstructure is typical of HIP + foi’ged Rone'95 components. 

In addition to the general pi'oeoss and inspection requirements 
specified in C50TF54 specifications, mechanical property testing to specified 
minimum acceptable levels were roquii'ed. 
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Table HI. Chemical Composition for Alloy 2, 
Rene* 95 (HIP + Forged), 


Chemical Analysis of The Master Powder Blend No. 55 
CsrTech VIM Heat No. V91085, Preform No. C525 
Ladlsh Company Forging Ex 091 
General Electric F101/CFM56 Forward Outer Seal 
Part Number 401321 1 -141P01 


GE Specification 


Element 

MB No. 55 

C50TF54 

Carbon 

0.08 

0.04-0.09 

Manganese 

0.01 

0.15 Max. 

Silicon 

0.06 

0. 50 Max. 

Phosphorous 

0.005 

0.015 Max. 

Sulphur 

0.002 

0.015 Max. 

Chromium 

12.8 

12-14 

Molybdenum 

3.56 

3. 3-3. 7 

Cobalt 

8.05 

7-9 

Titanium 

2.56 

2. 3-2. 7 

Aluminum 

3. 57 

3. 3-3.7 

Boron 

0.01 

0.006-0.015 

Niobium 

3.60 

3. 3-3. 7 

Tantalum 

0.01 

0. 2 Max. 

TungBten 

3. 59 

3. 3-3. 7 

Zirconium 

0.053 

0.03-0.07 

Iron 

0.39 

0. 5 Max. 

Hydrogen 

2 ppm 

0.001 Max. 

Oxygen 

66 ppm 

0.010 Max. 

Nitrogen 

0.003 

0. 005 Max. 

Nickel 

Balance 

Balance 


IX 








J’Acjk is 

0I> Pooh quality 


1. Microstructure of Rene 95 (HIP f Forged) 
Necklace St rue lure. 






C50TF54 requites minimum RT and 850°C (1200°F) tonal Is pro pert lag, minimum 
650 C (1200 o F)/1034 MPa <150 ksl) stress rupture life, minimum 594°C 
(1100°F)/1034 MPa (150 ksi) oreep life, minimum eyclie rupture life 
(10-00-10 second cycle) at 850°C <1200op)/ioo MPa (145 ksl) maximum stress, 
and finally a minimum residual cyclic life in tho presonco of a .25 mm x 

1.02 mm (.010 in, x .040 in.) defect. Tho specified tost conditions for 
the residual cyclic life test ore 538 C (1000 F)/6B9 MPa (100 ksi) maximum 
stress, a load A ratio of .05 (R».05), and a test frequency of .33 Ha. Table 
IV lints the results of the qualification tost sorics performed to establish 
acceptability of this part for tho evaluation planned undor this contract. 
Review of the data in Table IV indlcatos this forging met the mechanical 
property requirements of C50TF54. CLASS C. and was acceptable for further 
evaluation conducted under this contract* 

3.3 Rene »05 As-HIP 


The third alloy selocted for evaluation undor this contract, as- 
hot-isostatically-prossed Rono'95, is representative of an advanced turbine 
disk material designed to bo used in tho As-HIP condition without additional 
thermomechanical processing. Use of powder metallurgy alloys in tho As-HIP 
condition offers the advantages of reducing forging difficulties, reducing 
excess material by permitting shapes closor to finish part geometry and 
offers the potential for further st length improvements through highor alloyed 
chemistries. 

The microstructure of As-HIP Rone *95 represents a radical departure 
from the necklace structure roquirod in cast + wrought and HIP + forgod 
components. Tho As-HIP process is incapable of producing a "necklace" 
microstructure, since development of a duplex structure is dependent on 
application of mechanical work to a coarse grain preform. Initial results 
from tho As-HIP fine grained microstructuro were encouraging, but prior to 
initiation of this direct contract, only limited LCF testing had boon 
completed. 


As no engine disk component was readily available for this program, 
a cylindrical log shape was procurod to moot all processing and strength 
requirements of an ongine component. This As-HIP Reno *95 cylindrical 
compact, 0.2M ( 6 in.) by 0.6M (18 in.) was produced by Crucible, Inc.., to 
the requirements of Goneral Eloctric materials specification C50TF64, CLASS 
C, Premium Quality Powder Metallurgy As-HIP Reno ’95 Alloy Parts, Tho powder 
used was Crucible -60 mesh powder from Crucible master blend MB048. The 
HIP cycle utilized was 103.5 MPa (15,000 psi) , 1121°C (2050°F), for throe 
hours at temperature. Prior to hoot troatmont the log was sectioned into 
disks approximately 25 mm (1.0 in.) thick, Heat troatmont was performed by 
Sunsteel, Inc. Solution treatment was performed at a temperature of 1150°C 
(2100°F), 17°C below tho y ' solvus temperature for one hour, followod by 
quenching into a 538°C (1000°F) salt bath. Tho aging lioat treatment employed 
was 871°C (1600°F) for one hour, followed by 650°C (1200°F) for 24 hours and 
a final air cool. 
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TabU IV. qualification Teat Results - Alloy 2 Ren^ 95, HIP + Porcad. 

IDENTINCATIONi C.rT.ch VIM H..I VflMI/Pr.term N*. CM. 

Cm*.*. F.r.t** (■ Oft WC fort.. >1 
•MCirtCATMNl OE CIOTrM 


Tensile 










Specimen 

Temstrature 


UTT 




Number 

•JL. 

CXL 

as 

TEu 

m 

(k»l) 


RA % 

El* 

8R-I 

Roam Temperature 

1172 

(170) 

1420 

(2)9) 


22.) 

18.6 

•R*2 

Ream Temperature 

1179 

(171) 

1427 

(2)4) 


2). 2 

18* 1 

IR-I 

Room Temperature 

1116 

072) 

1441 

(2)8) 


22.6 

18.4 

Avfri|« 

Ream Temperature 

1179 

(171) 

1424 

(2)4) 


22.7 

11.4 

Values 










Values 










Cl-R 

Ream Temperature 

1207 

(175) 

1544 

(224) 


12 

10 

Cl-C 

Ream Temperature 

1179 

(171) 

1524 

(221) 




8R-4 

490 

<I200| 

1110 

(lot) 

1473 

(214) 


14.4 

11.8 

8R*5 

490 

(1200) 

1124 

063) 

1412 

(215) 


15.9 

14.6 

HR- 6 

490 

(1200) 

11)1 

(164) 

1482 

(215) 


12.2 

12. S 

Aviri|« 

490 

(1200) 

1122 

(162.4) 

1480 

«u.« 

14.2 

12.8 











S|M6 

VftllMA 










Cl*# 

640 

(1200) 

1117 

(142) 

1427 

(207) 


10 

8 

cue 

690 

(1200) 

1019 

(158) 

1407 

(204) 




Wu.tur. 








Specimen 

Number 

Temperature 

Stress 


Time ta Pellwre 





f r> 

MPa 

'(kit) 

. ,-Heorj . 


RA * 

Hi 

SR-7 

490 

(1200) 

1034 

(150) 

280.8 


6.3 

2.2 

SR-8 

690 

(1200) 

10)4 

(150) 

315.4 


1.6 

2.2 

0pac 

Values 










Cl- II 

690 

(1200) 

1034 

(150) 

35 





Cl-Cr 

690 

(1200) 

1034 

(150) 

35 





SSISJL. 






Tims la 0. 2% 


Specimen 

Number 

Temperature 

Stress 


PlastJ 

g-Dff 

arms tig n 


tSL 

iia 

M£fc 

ifefil 



(Hours) 


SR-9 

993 

(1100) 

10)4 

(150) 



205 



SR- 10 

993 

0100) 

1034 

(150) 



233 



Spec 

Values 










Cl-0 

593 

(UOO) 

1094 

(150) 



100 



Cl-C 

593 

(1100) 

1034 

(150) 



too 



C vc Uc Rupture 









Specimen 

Number 

Temperature 

Stress 







*C 


MPa 

TES 

Cycles to Failure 

Houra 


l 

650 

(1200) 

1000 

(145) 


533 


17.1 


3 

690 

(1200) 

1000 

(145) 


610 


19.1 


Spec 

Minimum 

650 

(UOO) 

10QQ 

(145) 


300 


.. 


Value 










Residual Life 










Specimen 

Temperature 

__ Stress 






Number 

*C 

HEL 

MPe 

n m 

Gyclaa to Failure 



1-B 

538 

(1000) 

690 

(100) 


12.380 




2 -B 

•* 


690 

(100) 


5.319 





IS 



Chemical composition for master powder blond MB04M la 1 1 m t oil in 
Table V in comparison with the 050TF64 spec! float ion requirements. Review 
of the analysis shown in Table V indicates all the elements listed are 
within the specification tvquiivd ranges. Figure 5 shows 100X and ftOON 
photomicrographs of the micron t rue lure of the As-HIP Rene *95 material. 
Evident is a uniform dense fine-grained mio rest rue ture. 

In addition to the general process and inspection requirements 
of C30TF64, specific mechanical property testing, with minimum acceptable 
property levels is required. t’bOTFOl requires minimum RT and 650‘V (1200°F) 
tensile properties, minimum 680 v V (1200 l F)/1034 MPa (130 ksi) creep life, 
minimum cyclic rupture life (lo-00-lO second cycle) at 650 l V (120O°F)/IOOO 
MPa (145 ksi) maximum stress, and finally, a minimum it* si dual cyclic fatigue 
life in tho presence of a .25 mm and 1,0 mm (.010 in, x .040 in.) defect. 

The sued fled test conditions for the resident cyclic life test were 53 h‘Y 
(1000 F)/G89 MPa (100 ksi) maximum stress, a load A ratio of .05 (R=.05), and 
a test frequency of .33 Hz, 

Table VI lists the results of the C50TPG4 required mechanical 
property tests which were performed oa the As-HIP Rene *05 log to qualify it 
for evaluation under this contract, A review of the qualification test data 
listed in Table VI reveals acceptable property levels in all the required 
qualification tests. As such, the As-llIP log was acceptable for the 
planned evaluation under this contract. 

The locations of the slices for heat tivntment and all test 
specimens for the As-HIP Rene ’05 log are shown in Figure 6. 

3,4 Materials Testing Methods 


In the evaluation of the cyclic behavior of the three turbine disk 
materials both low cycle fatigue (I AT) and cyclic crack growth rate (CC0R) 
testing was conducted. All tests were at 050‘v (1200°F) and were run either 
with a continuous cycle at a frequency of 0.33 Hz (20 epm) or with a hold 
time of 15 mintues at the maximum tensile load. The loading and the unloading 
rates for the l»0F hold time tests we re achieved using a ramp rate equivalent 
to 0.33Hz frequency, i.e., 1.5 seconds each for loading to maximum strain 
and unloading to minimum strain wore utilized. The loading anil the unloading 
rates for tlx* C00R hold time tests were achieved using a 10-900-10 second 
cycle, i.e,, 10 seconds each for loading to maximum stress and unloading to 
minimum stress were utilized. In the continuous cycling LIT testing, a 
minimum of six specimens wore tested for each alloy at a strain ratio R 
(ratio of minimum to maximum strain) of minus one. Strain ranges for each 
test wore selected in an iterative sequence to define the cyclic life from 
approximately 1000 to 100,000 cycles. In the hold time testing, at least 
four specimens were tested for each material at U ratio of minus one. Two 
specimens were tested at each of two strain range levels, which resulted in 
1000 and 10,000 cycles, respectively, under continuous cycling. 
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Table V. Chemical Analyaia of Maater Powder Blend 
Alloy 3, Aa-HIP Ren^ 05, 

Producer: Crucible. Inc. 


Element 

MB048 

GE Specification 
C50TF64 

C 

.050 

.04/. 09 

Mn 

.01 

. 15 Max. 

Si 

.08 

. 50 Max. 

S 

.005 

.015 Max. 

P 

* • 

. 015 Max, 

Cr 

12.86 

12/14 

Co 

8.28 

7/9 

Mo 

3. 53 

3. 3/3. 7 

Fe 

.05 

. 5 Max. 

Ta 

.01 

.2 Max. 

Cb 

3. 50 

3. 3/3.7 

Zr 

.04 

.03/. 07 

Ti 

2.49 

2. 3/2. 7 

A1 

3.61 

3. 3/3. 7 

B 

.009 

.006/. 015 

W 

3.42 

3. 3/3. 7 

O 

.0065 

.010 Max. 

N 

.0030 

.005 Max. 

H 

. 00024 

. 001 Max. 

Ni 

Bnlnncc 

Balance 




100X 



500X 

Figure 5 # Microstructure of Rune' 95 (As-HIP) 
Uniform Fine Gruin Structure. 
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ORIGINAL VAULIS 

OF pcxm QUA1 a»» 




T»bl* VI, Qualification Tact ftaaulta - Alloy 3 Ran*'' 95, Aa-HIP, 


IDRNTlMCATIONi CiucibU, Inc. 
Mtiwr BUM . MB04I 


Ty nelly 








Specimen 



Jbtmmm 

. - ..UTS. 



aamtouL, 

1SL 

rn 

mx 

&2T 

MKt (►,» 

MJSl 

£LS 

u*z 

Room 

Temperature 

KIU#t 

075,8) 

10.3.4 (236 9) 

14,5 

16,4 

40 

Room 

Temperature 

1215.5 

(176,3) 

1631., (237.7) 

14,5 

*5,7 

2-2 

Room 

Temperature 

1215,4 

076,3) 

1636.1 J237, J> 

16.7 

16,4 

Avg, Vatu## 

Room 

Temperature 

1214.2 

(176,1) 

1636.1 (23,* ' 

15,2 

16,2 

C*0Tr$4*C! 
c • (Mm.) 

Room 

Tampa rat ura 

1144.4 

(166.0) 

14)4.1 (201.0) 

U.O 

I0,O 

4*2 

#50 

(1200) 

Ulf.7 

062,4) 

1*14.1 (21*. 71 

18,2 

16,8 

U*\ 

WQ 

(1200) 

1133.5 

(164,4) 

1*29.2 (221,*) 

16,8 

14,9 

2*1 

880 

( 1 200) 

1105. 9 

(160,4) 

1491.9 (217.4) 

It. 8 

16,4 

Avg, Vatu#* 

450 

(1200) 

M19, 7 

062,4) 

1*14.1 (219,6) 

17,3 

16,4 

CS0TF64*CI 
C * (Mitt.) 

450 

0200) 

1054,9 

(153,0) 

12.2,4 (1*6.0) 

10,0 

8,0 

Cyclic Hupt'iH 








Specimen 

Temperature 

fltrea* 





Kam&tE.-. 

*JL 

("Ft 

Milk 

TEST 

Cycle, (n F.ilure 

Huura 


7*1 

450 

(1200) 

999,7 

045) 

625 

18,9 


8*1 

450 

(1200) 

999.7 

049) 

634 

19,6 


Avg, Value* 
C50Trf>4*C} 
C * (Min.) 



999.7 

045) 

300 



Htraaa Rupture 








Specimen 

Temperature 

Htrea* 





Number 

*C 

CEL 

MPa 

TEST 

Tima to Failure 



7*1 

650 

(1200) 

1034,2 

050) 

54,4 



10*2 



1034,2 

050) 

84, 7 



Avg, Value* 
C50TF64*Cl 
C * (Min. 1 



1034,2 

0 4C/ 

35,0 



Eissel 








Specimen 

Temperature 

Streaa 

Tima to C. in 


Number 

•c 

rn 

MPa 

(kal) 

PUatic Deformation » Hour* 


10*1 

593 

(1100) 

1034.2 

050) 

161.0 (Discontinued) 


8*1 



1034,1 

050) 

136,7 (DUcorttlnuad) 


C50TF64-C1 
C * (Min. 0,2*5*# 








PUatlc Deformation) 


1034*2 

050) 

24 



Renidual 1*1 fa 








Specimen 

Number 

Temperature 

Strea* 





«C 

( f n 

MPa 

ns 

C vc tea to Failure 



2-2 

537 

0000) 

689, 4 

(100) 

765) 



10-1 



689.4 

(100) 

7453 



C50TF64-CI 
C - (Min.) 





5000 






ORlGlNALPAOEiS 

,,K POOR Ql'M.lHf 



NASA 


14 


20 



Figure 6. HIP Log Slices, Specimen Extraction 
Location and Material fr.r NASA are 
Shown for Rene 7 95, As-HIP. 




Cyclic crock growth rate testing was conducted under load control with 
o load R rotlo of 0,05 using both contlnuou< ycle (0.33Hz) and the 15 minute 
hold time cycle at maximum tensile load, h ,.r specimens were tested under 
each of the cycle profiles and for each turbine disk material. In the four 
0,33Hz tests, the starting stress intensity range was selected to result In a 
crack growth rate of approximately 10~ 8 meters/cycle and continued under 
constant load cycle with increasing stress intensity range with crack 
extension until the bar fractured. In the hold time CCG.l testing, the 
starting stress Intensities wore selected based on the results of 0,33Hz 
tests and the initial hold timo CCGR tests. Since the hold time tests 
exhibited enhanced crack growth threshold as will be discussed in later 
sections, It was necessary to incrementally increase test bar load until 
measurable crack growth was achieved. Once growth was notod the load range 
was held constant through the test. In Borne tests, rapid growth was 
experienced immediately upon loading and in some cases it was so rapid that 
crack growth measurements were not obtained. 

3,4,1 Tost Specimens 

The LCF test specimen used in the strain controlled LCF testing is 
shown in Figure 7. Specimens were taken from the location in the material 
shapes as indicated previously. Specimen gage sections were finished using 
low stress grinding techniques, followod by polishing in an axial direction 
to a surface finish loss than 0.2pm (8 microinches) RMS, In order to 
conserve material, HIP and forgod Renc'95 specimens were made by inertia 
welding the gripping areas on to the center sections, Tho weld and its heat 
effected zone were located 9 Utside the critical gage section of the specimen. 
This technique was successful as no weld cracks or failures were encountered 
during testing. 

The surface flawed rectangular tensile specimen, the "KL" bar, used 
in the cyclic growth rate testing is shown in Figuro 8, Tho K_ spocimen 
has been tested extensively at Goneral Electric to ovaluate crack growth 
behavior of turbine engine disk materials. This specimen configuration has 
been used when evaluating conditions which may result in time dependent 
effects. By simulating directly the component strosses and crack sizes that 
might result from fatigue loading, tho test data are directly applicable to 
components. Since elastic-plastic fi’acture mechanics methods aro not mature 
enough for translating conventional CCGR dota to disk design, the direct 
correlation of the specimen is essential to the comparison of the turbine 
disk alloys. Specimen locations in the material shapos were as previously 
described. The critical test sections worn finished using low stress 
grinding techniques followed by longitudinal polishing. Button head specimens 
as shown in Figuro 8 were utilized for the 0,33 Hz continuous cycle tests 
which were performed on closed loop electrohydraulic testing equipment. For 
tho hold time CCGR test serios, which wore conducted in cyclic rupture test 
stands, the basic bar specimen was modified to incorporate standard 
ground threads instead of the button head ends. The starting crack required 
in the K_ bar was prepared by fatigue extension of a starter notch. A 
rectangular notch 0.5 mm (0.020 in.) long by 0.1 nun (0.005 in.) deop was 
machined into tho center of one face of tho Kg bar specimen gago area by 


21 



ORIGINAL PAGE IS 
OP POOR QUALITY 





1-02 t .2Sr 
(2 places) 


V N * 

U 12.7 1 .01 r 
(8 places) 


XS tarter 
Location 


e p 

25.4 


L 19.1 - .025 Dia. 
(2 places) 

L^l Sl .0 125] • 


HE 


Figure 8. ^ Bar Spe, 







electrical discharge machining (BOM). This EDM notch was then fatigue cracked 
in high cycle fatigue at room temperature in a 3-point bending mode. This 
precrack was measured during the precracking stage, and finished to a final 
surface crack length of 1.00 to 1.5 mm (0,04 to 0.06 in.). The corresponding 
crack depth for this length was approximately 0.2 nun (0,01 inch). Stress 
ranges utilized for the fatigue precracking conformed to the guidelines of 
A STM E-306, 

3.4,2 LCF Testing Methods 

Low cycle fatigue tests were conducted on closed-loop sorvo hydraulic 
testing machines under constant Btrnin range control. Specimen strain was 
measured and controlled using a longitudinal extensometer spanning the 
specimen gage section. Cage lengths were 12.7 mm (0,500 in.) in the 
General Electric tests and 19,1 mm (0,750 in.) in the testB conducted by 
Metcut Research, Gage lengths were compensated for the expansion duo to 
heating from room tempex*ature to test temperature. Accuracy of strain 
range control and measurement was * 0.5%, 

Specimen heating was direct induction heating from a water coolod 
coil which was designed and checked to provide a uniform temperature 
distribution along the gage length of the specimen. Temperature control at 
Genoral Electric was maintained using an infrared remote pyromotor which was 
focused through the coils on the center of the test specimen which had 
constant emissivity paint. At Motcut Research, tho gage section tomperaturo 
wos sensed, controlled and recorded by the use of thermocouples attached to 
the specimen gage section and transition region. The accuracy of the 
temperature control using these two methods, was equivalent and equal to 

± 2°c. 


For the continuous cycle series, a triangular wave shape at a tost 
frequency of ,33Hz (20 cprn) was utilized. All tests were conducted using 
a completely reversed strain cycle (R= -1, A=oo). The hold time tests wore 
conducted similarly, except a 15 minute hold time was incorporated during the 
strain cycle at tho maximum tensile Btrain level. 

During testing, continuous records of hysteresis loops, load range 
versus time and displacement range versus time were recorded for each test. 
Load range versus time records for each of the strain controlled LCF tests 
are included in Appendix A. 

3.4.3 Crack Growth Testing Methods 


Continuously cycled crack growth testing was conducted on closed-loop 
servo hydraulic testing machines under load control at a rate of 0.33 Hz 
(20 cprn). A triangular wave load cycle with a load R ratio of 0,05 was used. 
The specimen gage section was heated by induction heat and controlled by use 
of thermocouples attached to the gage surface of the bar. T.ie induction coil 
was used with a susceptor shield to protect the crack tips from overheating. 
Surface fatigue crack extension was measured manually using a 10X microscope. 
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Visual access to the crack was through a space allowed In the induction coil 
and susceptor. After specimen failure, heat tinted beach marks and final 
crack front shape were used to establish a correlation between surface and 
depth crack lengths. This crack depth measurement versus test cycles was 
used as the critical dimension to establish crack growth rate data. These 
experimental results listed in Appendix B were reduced to crack growth rate 
properties as a function of stress intensity factor range (AK) by procedure 
outlined in Appendix C. 

Tensile hold crack growth testing was performed in cyclic rupture 
machines and specimen heating was accomplished by radiant heating in a 
muffled, electrical resistance furnace. Temperature was maintained using 
thermocouples tacked to specimen surface in conjunction with proportionate 
controllers which regulated the electrical power to the furnace heating 
coils. The crack length was measured through a quartz window provided in 
the furnace wall, using a travelling microscope as described previously. A 
15 minute hold time cycle was utilized, where the load was maintained constant 
at the maximum tensile stress and the loading and unloading cycles were 10 
seconds each. Both lever arm cyclic rupture machines and direct mechanical 
loading were used in the General Electric testing while direct loading 
through a hydraulic cylinder was used by Metcut Research. In all testing 
the loading cycle was trapizoidal with the hold time applied at maximum 
tension loading. Crack growth test data was obtained and reduced to crack 
growth rates, similar to those used on the continuous cycle tests. 

For the ,33 Hz tests, identical size surface flaws were useu at the 
different stress test levels to define the continuous cycle CCGR curve in 
the 10"' to 3.4 x 10" 6 meters/cycle regime. Hold time test conditions of 
crack size and stress level were varied first to explore the slow crack 
growth rate regime, by selecting test parameters to start the tests at 
initial stress intensity factors near the fast cycle threshold level. Using 
this threshold stress intensity as a guide for the hold time crack growth 
tests, proved useless as the threshold was increased significantly by the 
hold times compared to the continuously cycling conditions. Combinations 
of crack sizes to give the desired stress intensity and remote stresses to 
avoid excessive creep deformation were tried until slow crack growth was 
accomplished. Once this was defined, the crack size/stress combinations 
were selected to define the mid range cyclic crack growth rate (CCGR) 
regimes. Initial crack sizes and stress levels for each specimen are 
included in the tables listing the CCGR test results. In hold time CCGR 
testing, the number of specimens used varied depending on the difficulties 
encountered in defining the crack growth over the range specified. 

4.0 RESULTS AND DISCUSSION OF LCF TEST 

4.1 LCF Test Results 


LCF data collected under this contract and the observations made 
during the LCF test series are presented in the following paragraphs. The 
information for each of the three alloys under investigation are presented 
separately, with a final section devoted to comparative observations. Results 
of LCF test are presented as -cycles to a discernible change in load range, 
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which correspond to approximately ono percent drop In the stabilized tensile 
load, N. -cycles to 5 percent drop in load range and N. -oycles to failure 
(complete separation) of the test specimen as a function of total strain 
range - Ac*. For tho continuous cycle tests, the total strain range for the 
mld-llfe loop (N#/g loop) has been analyzed and separated Into its elastic 
(Ac 0 ) and inelastic (Ac in ) strain components. In the hold time LCF teats, the 
inelastic strain component has been further separated into Its time 
Independent Inelastic component - (AO, and its tlmo dependent lnolastlc 
component (Acr Q )* The time dependent strain component was calculated by 
dividing the teat stress relaxation which occurred during the hold tlmo 
period by the test elastic modulus ■ | , 1 - Test stress range history has 
been summarized by listing the stress ranges (P/A) observed for the first 
cycle and the mid-life cycle. For the mld-llfe cycle the mean stress and 
the maximum tensile stress are also pro sen tod. The presented tost stress 
analyses help in determining the hardening or the softening behavior of the 
alloys under consideration. 

For each material, continuous cyclo teste were performed to establish 
the cyclic life regime from 1,000-100,000 cycles using a minimum of six 
tests for each alloy. As previously indicated, all tests wore porfomod 
at 6S0°G (1200°F) , in longitudinal strain control, at a strain R ratio of 
-1,0 (A**»), Subsequently, four 15 minuto hold timo tests for each alloy wero 
conductod. These tosts wero conducted in duplicate at each of two different 
strain rangos which wore solectod as equivalent to that which resulted in 
1,000 and 10,000 cycles life, respectively in the continuous cycle tests. 

After the test LCF data was reduced into terms of strain range versus 
life, they were regression analyzed to establish the best fit strain- range 
life curves for each matorial and testing condition. 

As indicated previously, testing was shared betwocn General Electric 
and Metcut Research Associates, Inc, Tosts performed at Metcut arc indicated 
in the tables of results. A roviow of tho data indicated no systematic 
variation between tost sourcos, 

4,1,1 Inconel 718 LCF Data 

A total of 8 continuous cycle LCF tests and 4 hold timo LCF tests wero 
porfomod on Inconel 718. Results of tho continuous and hold timo cyclo LCF 
tests are tabulated in Table VII, and are presented in graphical form in 
Figures 9 through Figure 11 whore total strain (Ae^) is plotted versus LCF 
llfo criterion. In each of these figures, tho open symbols are tho 
continuous cycle data points, while the filled symbols ropresant the hold 
time data points. Tho solid curve represents the continuous cyclo data, 
while the dashed curve represents the hold time behavior. The curves were 
obtained by regression fitting the data to the equation: 

Ae^. a Ae e + Ae in = AN® + CvP, whore 

A and B axe the elastic coefficient and exponent, respectively, and C and D 
are the inolastic coefficient and exponent. 
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Table VII. Strain Controlled Low Cycle Fatigue Data, I nconel 718, 


IDEXTIFICATICN - Iteat Xo. Special Metals 93I29/Forge<l by Sywn Go rton Co. 

TEST TEMPERATURE 6S0°C {WV); R=-l (A~>; TESSILE SWAB 


3 Hold Time 
8 Bold Tine 
101T Hold Tine 
78 Bold Tine 


PERCENT 


LOCGITf ? . ; STRAIN AT N«.„, 
_ 1/ * 


STRESS RANGE CP/A), 3£P* 
**♦ *f/2 


1101.7 

1106.5 

1119.6 

1316.6 

1747.3 

1284.3 
1446.2 

1043.8 


1060.4 
977.7 

1020.4 

1110.7 

1285.7 

1175.4 

1102.4 
1006.0 


32AK STRESS 

® HP* 


MAX. TENSILE 
S1XESS # X f/2 ,1 


CYCLES TO mun 

V »f 

* - 1361654 

30666 31600 32516 

21166 21200 21926 
-M37 4600 5627 

653 690 1027 

6150 4415 6556 

2020 2446 2530 

16463S 165405 166756 

126 126 126 
155 156 162 

2310 2460 2636 

7060 7300 7653 


0,nJ 

^ o 
fees 


♦ M 9 - First Cycle 

Defined as cycles to discernible deviation fro. stabilised loaf range 
“ *5 K “ nber of cycles to 5% drop in stabilized lead range 


Jfetcut Test 



Total Strain Range, Percent <% U.) 


M 

03 


1.2 


1.0 


0.8 



Figure 9. Percent Total Strain Range Vs. Cyc 
(Nj_) for In-718 at 0.33 Hz Test Fx 



to Discernible Change in Load Range 
ncy and 15-Minute Hold Tiae Cycling. 




Total Strain Hang®, Porcont, (%A« 




Total Strain 



N f * Cycles 


Figure 11. Percent Total Strain Range Vs. Cycles to Failure (N f ) for In-718 at 
0.33 Hz Test Frequency and 15-Minute Hold Time Cycling. 




Value* of tho coefficient* and exponent* for the curve* are tabulated In 
Table VIII along with the value* of tho constant* for the two form* of Keno ' 
95. 


4.1.3 Inconel 719 ICJF Obwervatlon* 


Tho moat algnlficant observation for the Inconel 718 tooting was the 
life reduction associated with Introduction of tho 15 minute hold at maximum 
ton* lie * train. Tho greater the total strain range, tho greater was tho life 
reduction which was observed. At 1.3% total strain range, reduction of 
approximately 90% of continuoua cycling life was noted. 

Inconel 718 exhibited cyclic strain softening a* observed by a 
comparison of tho Hires* range changes between first cycle (N*) and mid-llfo 
cyclo (Nj/ 2 ). The degree of strain softening was higher for the high strain 
range tests than for the lower strain range tests. The degree of strain 
softening in terms of tho ratio (in percent) of the stress range between the 
first cyclo nnd tho N-, 2 cycle as a function of total test strain range is 
shown in Figure 12, The observed strain softening during hold time cycle 
tests was significantly loss than that observed for tho continuously cycled 
tests. 


Tho percentage of time Independent inelastic strain to total test 
strain range (Ac /Ac.) is shown plotted versus total strain range in Figure 
13 for both tho continuous cycle and hold time tOBts. As shown, there was an 
increase in fast cycle plastic strain with increasing strain range for both 
the continuous nnd hold time tests. Comparing the hold time to continuous 
vuIuob in Figure 13 it is noted that the hold time values fall consistently 
bolow tho continuous values. If tho time independent inelastic strain were 
truly indopondent, this data should fall in a single population. Accordingly, 
tho "time independent inelastic strain" as defined in the literature is, in 
fact, not time independent. 

4.1.3 HIP + Forged Pone '93 LCF Data 

Kosults of the continuous nnd hold time cyclo LCF tests for HIl 1 nnd 
forged Mono '95 nro listed in Table IX, nils data is plotted as total strain 
range versus N^, Ng, and N f , respectively, in Flgutv 14 through 16. The 
indicated curves were regression analyzed from Hus data in an identical 
manner to tho Incouol 718 data. Coefficients and exponents of the equation 
ate listed in Table VIII. Generally, tho data was well behaved and 
consistent with exception of the one hold time test result at 1,0% strain 
range which had a N f life of only 700 cycles. As will bo discussed in a 
later section, this specimen had a significant materials defect nnd was not 
usod in tho regression analysis to dofinc tins best fit curve. 

4.1.4 HIP + Forced Bono *95 LCF Observations 

The 15 minute dwell time at maximum tensile strain rosulted in a 
LCF life reduction compared to the continuous cyclo life for a given total 
strain rnngo. The degree of life reduction had a trend to increase with 
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Table VIII. Linear Regression Coefficients and Exponents for IK-718, HIP -f Forged Rene 95 
and As-HIP Rene' 95. 


(A) 

(B) 

(C) 

(9) 




Fatigue 

Elastic 

Coefficient 

Fatigue 

Elastic 

Exponent 

Fatigue 

Inelastic 

Coefficient 

Fatigue 

Inelastic 

Exponent 

Alloy 

Cycle 

Type 

Fatigue 

Life 


1 . 0902 *? 
2. 006775 
2.29841? 
1 . 085607 
1 . 088294 
2 . 0564 98 
1 . 967053 
2. 338991 
2.213755 
! . 152615 
1.761643 
2. 03159 
1. 12804 
1.121903 
1 . £69583 
1 .684878 
1.970244 
1.92324 


0549648 
0959553 
-.111254 
-. 0535731 
-. 0544985 
0979161 
0951246 
1 13296 
-.1071027 
-. 0576776 
— . 0743959 
-. 0792053 
-. 0545! 03 
-. 0558091 
-. 0803974 
-.0712516 
-. 0758979 
-. 073949-3 


4.801 294 

. • U 1 -T- i 

* • r * 

8. 16-4608 
5.527712 
4 m 7* 

. 75c’55g? 


20.53183 
11.7016 
2. 302752 
19. 13398 
15. 0269 
16.10995 
7. 038499 
2.449272 
2. 053729 


-.5640912 

-.4947184 

-.2889122 

-.54613 

-.5580211 

—.506-8054 


-.4907282 

-.2940038 

-.2785958 

-.5395623 

-.652254 

-.4766156 

-.5247127 

-.5154961 


— . 6786659 
-. 608=7283 
-.4797452 
— . 46486? 


Df— 718 

1'95 (As-HIP) 
R*95 (H ♦ F) 
IK-718 
IK-718 

R*95 (As-HIP) 
R*95 (As-HIP) 
R*95 ( H + ») 
R*95 ( H F> 
IK-718 
R *9 S (As-HIP) 
R*9S (H ♦ F) 
IK-718 
DC— 718 

R*95 (As-HIP) 
R *95 (As -HIP/ 
R*95 (H ♦ F) 
R*95 (H+F) 


Hold Ties 

** 


Continuous 

ti 


£ 

? 

K 5 

f 

f 

5 s 

S 5 

% 

* 

*1 


Curves fitted to the equation 

A*,s£c tit * a * 0 ♦ aP 

top 






TIME INDEPENDENT INELASTIC STRAIN, % OF TOTAL 
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Figure 13. Percent Normalized Time Independent Total 

Strain Range (% Ae /Ae.) Versus Percent Total 
p t 

Strain Range (% Ae^). 
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Table IX. Strain Controlled Low Cycle Fatigue Data, Alloy 2, Rene 95, HIP + Forged. 


n3EKrmCA.TXCr* - Cartech Vin Beat No. V91085/L*di*h Co. forging E7091 


TP- 1 ANGULAR *AVZ, 0.33 Hr <20 cpcsl 

TEST TTffERATOJE 650°C <1200°F) ; P.-^l (A^) - TRAPEZOIDAL VAVS, 15 UTS. RDLS TIME AT THE HAX. TENSILE STRAIN 


SPEC. 

TYPE 

PERCENT LONG I 7VDINAL STRAIN 

Al S,/2 

ST? ESS RANGE 

CP/A), X?a 

MEAN STRESS 

KME* TENSILE 

CYCLES TO FAIJXBE 

NO. 

TEST 


*Gic 

u c 


jrt— 

Sf/2 

« **/ 2- ®» 

STRESS # N t/2# MPa 

• 

s i 

9* 

5 

% 

ri-7 

Cent. 

1.151 

0.059 

_ 

1.210 

2048 

2058 

a 

1054 

1050 

1.^ 

1232 

11-16 

Cont. 

1.032 

0.026 


1.068 

1881 

1886 

-14 

936 

4160 

4450 

4454 

II-2 

Cent. 

0.934 

0.0279 

* 

0.962 

1729 

1707 

50 

909 

9250 

9253 

9292 

II-6 

cont. 

0.987 

0.023 

_ 

1.010 

1838 

1830 

14 

918 

9250 

10680 

10680 

II-5 

Cost. 

0.970 

0.016 

.. 

0.986 

1726 

1789 

32 

918 

14200 

14750 

14827 

II-8 

Cont. 

0.892 

0.028 

- 

C.920 

1632 

1625 

37 

864 

16550 

16900 

26963 

1 1- 14 

Cont. 

0.893 

0.028 


0.921 

1697 

1603 

-59 

778 

84000 

63000 

96205 

NIX-9 

Hold Tise 

1.138 

.138 

.016 

1.276 

2023 

2095 

-294 

914 

425 

438 

446 

NXI-10 Hold Tioe 

1.176 

0.09? 

.020 

1.275 

2096 

2091 

—158 

982 

465 

520 

543 

NIT-11 

t-)Hold Time 

.951 

. 056 

.013 

1.007 

1889 

1841 

-253 

805 

690 

697 

701 

Nil- 12 

Bold Tine 

.953 

.070 

.013 

1.023 

1831 

1781 

-330 

728 

3440 

3547 

3547 

Nil— 1 

Hold Tine 

0.891 

0.066 

.019 

G.957 

1861 

1763 

-104 

832 

5060 

5160 

5163 


N T * - First Cycle 

ST Defined as cycles to discernible deviation fro= S- ibilizedi lead range 
Nsir.b : r of cycles to 5% drop in stabilized load range 

Turnout 
'Zetcut Test 
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Figure 15. Percent Total Strain Range Vs. Cycles to 5% Drop in Load Range (N 5 ) for 
H+F Rene 95 at 0.33 Hz Frequency and 15-Minute Hold Tixse Cycling. 
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decreasing total at rain range. This trend ia opposite that observed for the 
Xnconol 718 specimens and will be discussed further In section >1,2. 


A comparison of tile stress range ratio changes between N' and Nf/jj 
(Table IX) indicates that H+F Rone *95 exhibited cyclic strain stability 
over tho range of teats both with and without hold times at the higher 
total strain ranges. As shown in Figure 17, in this respect 11+ F Reno *95 
is quite stable compared to Inconel 718. A comparison of the ratio of the 
time independent inelastic strain range to tho total strain range 
(Ac / Ac^) continuous cycle and hold time testa indicated that the time 
independent inelastic strain was also time dependent ns shown in Figure 18, 
whero tho observed plastic strain was consistently higher for the hold time 
tests. 


It was observed that H+F Rene *95 relaxed least during the hold time 
testing. Its Ac c for any given total strain range was the least of the 
three alloys. With minimal stress relaxation occurring during tho hold time 
test, the alloy maintained a high maximum tensile stress level throughout 
the hold time cycling with the result that load ratio shifts were minimal 
for this alloy. 

An extensive investigation was conducted to determine the location 
and nature of the crack initiation sites for the H+F Rene *95 LOF specimens. 
Optical Microscopy and Scanning Electron Microscopy (SKM) wore employed in 
tho evaluation. Most fatigue origin sites for this alloy were observed to 
be associated with processing impel* fee tious. Table X lists the typo, nature 
and location of the fatigue origin sites for all the U'F tests conducted for 
this alloy. As indicated, the imperfections were mloroporostt y, lvf ractory 
oxide inclusions, and a large metallic inclusion. Crack initiation 
associated with imperfections wore observed both at the specimen surface 
and within the specimen volume. In the hold time 1.CF tests, oxidation of 
the specimen fracture surfaces impeded identification of the nature of the 
failure initiation sites on two specimens. 

One hold time test specimen, 11-11, failed after 701 test cycles, 
with an expected cyclic life of *1,000-5,000 cycles. Retailed SKM and 
Electron Microprobe (EM) analyses were performed on this specimen to 
identify its fatigue origin. The observed initiation site was shown to be 
a 0,(54 nun x 0.13 nun x 0,84 nun (.0135 in x ,005 in x .033 in deep) Fe- rich 
inclusion located in the surface. Figure 19 shows SKM views of this 
inclusion, a sketch of its apparent shape and KUAN analysis at the center 
of the inclusion. Figure 20 shows the results of an EM microanalysis 
conducted on a polished metallographic section through the inclusion. 
Examination of the traces for the various elements analysed indicates an 
into rdif fusion between the original inclusion chemistry and the Rene *98 
alloy chemistry. Based on observed trends in the analysis of the individual 
elements, the conclusion was reached that the un re acted inclusion was a 
300 series stainless steel. The source of such an inclusion could be a 
burr or machining chip from the HIP container (304 stainless steel in this 
case) or from the w?ld seal on the HIP container (307 stainless wold rod 
was used for this container). It should bo noted that this H+F Rene *95 
material represents early powder metallurgy practice and with improved 
process procedures already in place, the chance occurrence of such flaws 
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Table X. Location, Nature, and Size of the Failure Origin Sites* for 
for LCF Test Specimens for ll+F Rend 95. 


TEST 

NO. 

LOCATION 

NATURE 

SIZE 

Nf 

(Cyclos) 

CONTINUOUSLY CYCLING TESTS 




II-7 

Subsurinco 

Porosity 

0.02 mm 

1,232 

11-16 

Surface 

Porosity 

0.02 mm 

4,454 

11-2 

Surface 

Porosity 

0.02 mm 

9,250 

1 1 -6 

Surface 

Oxide (SiOg) 

Smnll 

10,680 

11-5 

Surfnco 

Porosity 

<0.02 mm 

14,827 

II-8 

Surface 

Oxide (Al o ) 
2 3 

<0.02 mm 

16,963 

11-14 

Subsurface 

Porosity 

<0.02 mm 

96,205 

HOLD TIME 

TESTS 




NII-9 

Surface 

Unde finable 

Small 

446 

NII-10 

Surface 

Porosity 

<0.02 mm 

543 

NII-11 

Surface 

Stainless Steel Incl, 

Large 

701 

NII-1 

Surface 

Undefinable 

Small 

5,160 

NII-12 

Surface 

Connected Carbides 

- 

3,547 
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OKkilNAL r.UiK u 
OK POOR QUALITY 




Alloy 2 - Rene' 95 (HIP * Forged) 

Figure 21. Scanning Electron Micrograph* of the Fracture 
Surface* for Specimen* U-H and 11-14. Where** 
II-S ha* a Refractory Oxide for Fracture Origin, 
Located on the Specimen Surface; the 11-14 ha* 
a Pore for Fracture Origin, Located Sub*urface 
(About 0.23 mm from the Free Surface). 
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in eurivnt product* in extremely ivmcte . By comparing the cyclic life of 
specimens number 11-8 and 11-14, an assessment can be mtule of relative 
severity on life associated with surface versus subsurface imperfections. 
Each of t lie so tests were perforated at .33112 and at a total strain range of 
0,B2 percent. The cyclic life for specimen U-B was 17,000 cycles, while 
for specimen 11-14, cyclic life was 90,000 cycles. Figure 21 shows low 
magnification 8131! views of tlx* initiation sites for these two specimens. 

The initiation site for test II-8 was a surface related refractory oxide 
(A1„0, ) imperfections, while the initiation site for specimen 11-14 was n 
subsurface micropotv , Tlx* general expectation that surface related 
imperfections tend to reduce cyclic life more than similar sized subsurface 
imperfections is valid for this alloy. 

4.1.5 As-HIP lleno *95 LCF Oat a 


Test ivsults on As-HIP Rene *95 for the continuous cycle and hold 
time LCF tests are listed in Table XI and graphically displayed in Figure 22 
through 24, As in the case of the previous matorials, these curves were 
regression fitted through the data and values ol‘ tlx* regression constants 
listed in Table VIII. 

4,1,9 As-HIP Rene ’95 1CF Observations 


For As-HIP lleno *95, the LCF life reduction associated with the 15 
minute hold at mnximum tensile strain was the least observed for the three 
alloys tested. Similar to the ll+F Rene '9b, hold time life loss tended to 
increase with decreasing strain range. It should tv noted that based on the 
very limited data and the observed scatter, it is difficult to firaily 
conclude that there was a significant hold time effect on As-HIP Rone *95 
even though the regression analysis resulted in curves which showed some 
effects. 


As-HIP Rene '95 demonstrated stability relative to cyclic strain 
softening/hardening similar to the H+F product as shown In Figure 25. Hold 
times did not appear to change this behavior although scatter in the test 
ivsults at high cyclic strain ranges prevent firm conclusions. 

For Inconel 718, more time Independent strain was observed for the 
continuous cycling condition and for If+F Rone *05 more time independent 
strain was observed for the hold time cycle conditions. The comparison of 
the ratio of the time independent inelastic strain range to the total 
strain range (Aep/Ae { ) for As-HIP Rene *95 under continuous and hold time 
tests indicated that the time independent inelastic strain was, in fact, time 
independent as shown in Figure 2t> where no change in fast cycle plastic 
strain was seen with the addition of hold time. 

Identification of the nature of fatigue initiation site was also 
performed on the As-HIP lleno * 95 LCF specimens. The fatigue initiation sites 
wore associated with a processing imperfection. Table XII lists the 
location, size, and nature of the discontinuity associated with the 
initiation site of each LCF specimen. 




Table XI. Strain Controlled Low Cycle Fatigue Data, As-HIP 
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IDENTIFICATION - Crucible, Inc. - Master Blend - XDOtt 


TRIANGULAR WAVE. 0.33 Hr (20 cp») 

TEST TEMPERATURE 650°C (1200°F); R— 1 <A=~); TRAf$£OIDAL WAVE. 15 HIM. HOLD TIME AT T« MAX. TENSILE STRAIN 



SPEC. 

NO. 

TYPE 

TEST 

PERCENT 

LONGITUDINAL STRAIN AT S f/2 
^in **t 

STRESS RANGE CP/A). StP» 
«*♦ Sf/2 

MEAN STRESS 
m * f/2 . MPa 

MAX. TENSILE 
STRESS « S f/2p MJ>a 

CYCLES TO mun 

**• V *r 


8-1 if 

CoOt. 

1.096 

0.159 


1.255 

2136.6 

1998.8 

-81 

947 

492 

700 967 


7-3 TT 

Cont. 

0.938 

0.066 

_ 

1.004 

1712.2 

1761.1 

-58 

•60 

2,052 

3,054 3,073 


6-2 

Cont. 

0.879 

0.030 

— 

0.882 

1630.9 

1644.0 

-68 

792 

5,514 

5,900 6,200 


6-1 

Cont. 

0.813 

0.017 

- 

0.830 

1568.2 

1580.6 

0 

837 

22,317 

30,277 30.277 


9-3TT 

Cont. 

0.878 

0.020 

- 

0.898 

1537.2 

1550.9 

-27 

765 

36,925 

31,132 31,356 


6-3 n 

Cont. 

0.788 

0.007 


0.793 

1411.1 

2411.3 

-19 

716 

66,030 

74,537 74,986 


9-1 n 

Hold Time 

1.077 

0.212 

0.053 

1.288 

1943 

2127 

-257 

852 

420 

465 615 

8-2 

■old Tine 

1.083 

0.191 

0.054 

1.274 

2081 

1972 

-349 

827 

675 

785 798 

9-2 

Bold Tine 

0.838 

0.058 

0.016 

0.896 

1696 

1696 

-416 

643 

5,080 

5,000 6,600 

— * p* 

2, o 

CP 

5-2 TT 
♦ 

Bold Tine 
K* - First 

0.858 

Cycle 

0.053 

0.026 

0.911 

1617 

1590 

-338 

594 

0* * 


- 10,000* 


• Defined as cycles to discernible deviation fro* stabilised load ranee 

ks K 5 Nuaber of cycles to 5% drop in stabilized load range 
-* Runout 


n 


He t cut Test 



Total Strain Range, Percent, (% Ae 



N. - Cycles 

Figure 22. Percent Total Strain Range Vs. Cycles to Discernible Drop in Load Range 
(%) for As-HIP Rene 95 at 0.33 Hz Test Frequency and 15-Minute Hold 
Time Cycling. 




Total Strain Range, Percent 



N_ - Cycles 

Figure 23. Percent Total Strain Range Vs. Cycles to 57 Drop in Load Range (S 5 ) for 
As-HIP Rene 95 at 0.33 Hz Frequency and 15-Minute Hold Tine Cycling. 
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□ 0.33 Hz 

R'95 (HIP) 

■ 15 Minute Hold Time 





TOTAL STRAIN RANGE - PERCENT (% Ae t > 


Figure 25. Percent Stress Range Ratio from First Cycle to 
Mid-Life Cycle as a Function of Total Strain 
R 




37/ 37) 


□ 0.33 Hz 


It *95 (HIP) ■ 15 Minute Hold Time 



% Ae t 

Figure 26. Percent Normalized Time Indopendent Total 

Strain Ranrcc (% A<s /Ae f ) vs. Percent Total 
P *• 

Strain Range (% Ac^). 
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Table XII. Location, Siae, and Nature of the Failure Origin Sites for 
\h-HIP Rend 95. 


SPEC 

NO. 

LOCATION 

SIZE 

NATURE 

Nf LIFE 
(CYCLES) 

CONTINUOUSLY CYCLING TESTS 




8-1 

Subsurface 

0.03 mm 

Porosity 

967 

7-3 

Surface 

0.05 mm 

Oxide (A1 2 0 3 ,S10 2 ) 

3,073 

6-2 

Surface 

0.04 mm 

Porosity 

6,200 

6-1 

Subsurfaco 

0.04 mm 

Porosity 

30,277 

9-3 

Near Surface 

0.04 mm 

Porosity 

31,366 

6-3 

Subsurface 

0.04 mm 

Hollow Particle 

74 , 537 

HOLD 

TIME TESTS 




9-1 

Surface 

0.04 mm 

Porosity 

485 

8-2 

Subsurface 

0.03 mm 

Porosity 

795 

9-2 

Surface 

0.04 mm 

Porosity 

o 

o 

M 

srT 

5-2 

Unfailed Specimen 



10,000 - 
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As wni) notod for tho case of H+F Reno '95, tho Initiation si ton wore 
observed to bo surface rolntod, nnd associated with small rofractory 
inclusions or microporosity. 

4.2 DISCUSSION OF LCF TEST RESULTS 


Tho comparative LCF of tlio throo alloy a under tho continuously 
cycling nnd hold timo cycling conditions are covered in this suction of the 
roport. Tins LCP behavior discussion considers the effect of tensile strain 
hold timo nnd tho of foot of PM procoss imperfections on the cyclic life of 
tho alloys evaluated. In addition, LCF life predictions aro included for 
each tost spoclmon using the Strain Kongo Partitioning approach nnd the 
Hysteresis Loop Energy approach. 

4.2.1 LCF Pohnvior Comparisons 


Figures 27 and 28 show the regression fitted Ac vs. N.,, curves for 
the throo alloys under continuous cycling (.33 Hz) and 15 minute hold time 
cycling conditions, respectively, Keview of Figure 27 for the 0.33 Hz 
condition re von Is HIP + Forgo) He no '95 material as the superior alloy in the 
2,000-100,000 cyclic life region. As-HIP Reno 'OS falls slightly below 
HIP + Forged He no '05 while Inconel 718 fal ls significantly below. In this 
region, the superior strength of the two forms of Rone '05 result in 
suporior LCF porfonnnnce compared to the weaker Inconel 718. 

For the extreme low cyclic life regime of the curve (<l(r cycles) 
tho lives of the two forms of Reno '95 converge, such that the superiority 
of HIP + Forged Kene'95 over As-HIP Rene '95 is lost, and the Inconel 718 
curve crosses over the Kene'95 curves at 2,000 cycles. In tills region, the 
superior ductility of Inconel 718 resulted in its superior life. 

In goneral , the continuous cycling LCF behavior for the three 
materials was controlled by their relative resistance to plastic deformation 
as defined by tho Manson-Cof fin law:'*' 

- c 

where Ac and Nj. aro the total plastic strain range nnd the fatigue life 
respectively, and (3 and C are material constants. HIP and forged Kene'95 
cyclic softened the least and exhibited the best LCF capability, followed in 
order by As-HIP Kene'95 nnd Inconel 718, For the extremely low cyclic life 
regime (<!()•* cycles) Inconel 718, which is more ductile than the two forms 
of Reno '95, was superior in LCF as would bo expected. This improved LCF 
capability for Inconel 718, at high strains, however, is of little 
consequence for engine disk application, where the cyclic strains 
oxperionccd aro of lower level. 

Review of Figure 28 for tho 15 minute hold time cycle clearly 
shows tho superiority of the two forms of Reno '95 over Inconel 718 under 
theso tost conditions. The two forms of Kono'95 fall nearly on tho same 
curvo and show very little strength reduction compared to tho continuously 
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cycled condition, while Inconel 718 suffers largo hold time associated 
life reductions relative to its continuous cycle curve. The two forms of 
Rene *95 by virtue of thoir significantly higher tensile strength and croop 
rupture capability, cloarly demonstrated superiority over the entire cyclic 
life spectrum. 

Figuro 20 shows a plot of tho ratio in percent of the mid-life 
stross rango rolntive to tho first cycle stress range (% ^Nf/o) vorsus tost 



total strain rango for nil three alloys. Individual curves with actual data 
points worr presented in tho previous section. Evident in this figuro is 
tho rolntlvo strain softening characteristic of the two Rone '05 alloy forms, 
compared to Inconol 718, The two Rone '95 alloy forms resulted in equivalent 
strain stability over the total test strain ranges evaluated, for both 
continuous and hold time cycling. The Inconel 718 on the other hand, shows 
significant strain softening behavior for the continuous strain cycle, and 
less significant softening for the hold time cycle. 

Similar to Figure 29, plots of time independent strain, ns a 
percent of total strain rango (% Ae /Ac ), versus tost total strain range 
(Ae ± ), for all throe alloys, ure shown in Figure 30, Individual curves 
with actual data points for this figuro wore also presented in the previous 
section. This figure further accents the cyclic softening behavior of tho 
alloys. The cyclic softening for Inconel 718 was greater during the 
continuous cycling than for the hold time cycling. For H+F Reno '95, tho 
obsorved cyclic softening behavior was greater during the hold time cycling 
than for tho continuous cycling. Finally, for the As-HIP Rene *95, the 
cyclic softoning increased with the increase in total test strain range, and 
was more than H+F Reno'95; however, tho resulting time independent inelastic 
strain was found to bo truly time independent with or without hold time, 

Anothor observation for the two forms of Rone '95 regards thoir time- 
dependent inelastic strain occurring during the test hold timo(Ae,), and the 
resulting shift in the test mean stross or the tv luxation of the peak 
tonsilo stress. Figure 31 shows the mid-life cycle maximum tonsilo stresses 
as n function of total strain range. The maximum stress for As-HIP Reno'95 
was about 10% lower than that for 1I+F Rone '95, This difference was eausod by 
tho higher time dependent inelastic strain (Ae^,) resulting during tho hold 
timo for As-HIP Reno '95 than for H+F Reno'95, This increased Ae for As-HIP 
Rene '95 was compensated by increased compressive stress, which shifted the 
moan stross rolntivoly more into compression, and resulted in reduction of 
tho maximum tonsilo stress. 

Tho observed cyclic llfo loss for all three alloys during tho 15 
minute hold timo cycling appearod to bo associated with increased plastic 
strain which was a result of stross relaxation during tho hold time and/or 
tho increased timo at temporaturo during which environmental damage could 
occur. For Inconol 718 environmental effects appearod significant, as 
evidoncod by tho observed intergranular failure mode which is usually 
caused by oxidation weakening of tho grain boundaries. 
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TOTAL STRAIN RANGE - PERCENT (% Ae^ 


Figure 29. Percent Stross Range Ratio from First Cycle 
to Mld-Li l’o Cycle as a Function of Total 
Strain Range. 




TOTAL STRAIN RANGE, PERCENT (% Ae t > 


Figure 30. Ratio oi’ Timo Independent Total Strain Range 
to Total Strain Rango (Porcont) as a Function 
of Percent Total Strain Range (% Ae ), 





Maximus Stress 



Pereont Total Strain Range ~ T 


Figure 31. Maximum Tensile Stress Vs. Percent Total Strain 

Range for the Two Forms of Rene 95 Under 15-Minute 
Hold Time Cycle Condition for the Nf /2 Cycle are 
Shown. The Maximum Stress for the As-HTP Rend 95 
(Lower Curve) is About 100 Mpa Lower, at ail Strain 
Levels than the H+F Rend 95. 
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For tho two foraa of Rone *95, the environment i H not believed to have 
had n significant effect on hold time LCF life. Tito increased inelastic 
strain due to time dependent stress relaxation (Ae c ) was the more significant 
life loan factor. Although the time dependent fatigue life for the two Rene '95 
forma were comparable. HIP and Forged Reno '95 appeared more sensitive to hold 
time than As-JUP Rent *.i. As shown in Figure 31, HIP and Forged Rene *98 
experienced the least time dependent inelastic strain for a given total 
strain range. The minimized time dependent inelastic strain resulted in 
retention of the * .ghost peak cyclic tensile stress during the hold time 
test, and can be considered to have resulted in the more significant life 
reduction for the HIP and Forged Rene *98, 

Comparison of the hold time LCF curves to the continuously cycling 
LCF curves (Figure 32 for Inconel 718 and Figure 33 for the two lares of 
Rene '95) show: 

1) For Inconel 718 the percent cyclic life loss due to hold time 
is approximately 80 percent at the two strain levels which resulted in Hv 
and 10‘ 1 cycles lives in the continuously cycled tests. 

2) For the two foms of Rene' 93, although the cyclic life loss was 
smaller than observed for Inconel 718 n trend was observed where the life 
loss increased as the strain range decreased, A possible explanation for 
this observation could be the stress dependence observed for the hold time 
cyclic crack growth rate test specimen as will be discussed in detail later. 

In the hold time CCGR tests, the higher stress level tests demonstrated 
enhanced thresholds compared to the continuously cycled tests and to the 
lower stress hold time CCGR tests. If t ho LCF behavior of PM alloys is 
partially controlled by the propagation of existing prior process 
imperfections, the apparent threshold enhancement associated with hold time 
could actually improve LCF life by reducing the number of potentially active 
initiation sites for crack propagation with increasing test stress. Fewer 
active failure sites should result in some improvement in expected UF 
behavior reductions normally associated with hold times. 

4,2,2 Failure Origin Comparison 

Tables X and XII presented earlier described the size and the natu 
of the prior process imperfections which were observed at the failure origin 
sites for both Corns of PM Rone '95, This section further discusses the role 
of these PM process imperfections on LCF life in terms of their size, nature 
and location. For the conventionally forged Inconel 718 such analyses were 
not conducted since PM related defects were not present and all of the Inconel 
718 LCF failures started in classic crack initiation on the specimen 
surfaces. 

The S-N creves of Figures 1G and 2*1 for the two Rene ’95 powder 
alloys are repeated here as Figures 3*1 and 35 where significant data points 
are highlighted. Observed size and nature of the initiation s?tes are 
labeled adjacent to the data points for ease of comparison. 



Figuio 34 shows the curves obtained for the HIP + Forged Rene '95 . 

The circled hold time test data point - specimen number 11-11 - failed by 
Initiating a fatigue crack at a large matrix interacted stainless steel 
inclusion (extensive failure analysis for this tost In Section 4.1,4) was 
presented, Th» cyclic life (N f ) for this test was 700 cycles. A similar 
hold time test without a large 1 Imperfect ion, lasted 3,500 cyclos, as compared 
to a continuously cycled test life of 10,500 cycles. The large, metallic 
inclusion was unique to specimen IX-11 and the more commonly encountered 
imperfections in the powder metallurgy products of small oxide Inclusions and 
porosity were found in all other specimens. The other three data points 
shown in Figure 34 were for the 0,33 Hz tests and were chosen because the 
observed total plastic strain range for the tests was identical (Ae = 0.028 
percent). The shortest N f life was 9,250 cyclos with the initiation site 
for this test (11-2) being a small surface pore. The other two tosts shown 
as XI-8 and XX-14 were discussed earlier and low magnification SEM electron 
micrographs f,re shown in Figure 21. Specimen II-8 ( 17,000 cycles N_) 
initiated failure at a very sma 1 ! surface inclusion while Specimen 11-14 
( 96,000 cycles N f ) initiated failure at a very small sub-surface pore. These 
three test specimens demonstrate the general life trend which has been seen 
with powder metallurgy disk alloys, that is, surface imporfectlonB are seen 
to be more damaging, for the same size range, than sub-surface imperfections. 
For either case, the larger the imperfection the larger the effect on life. 
Also, for these specimens, the refractory oxide imperfections appeared more 
damaging than the porosity, possibly as a result of their relative acuity. 

In the As-HIP Rene '95 tests, initiation sites were generally smril 
porosity. Exceptions to this generalization were Specimen Number 7-3, which 
initiated failure at a small surface refractory oxide imperfection with below 
average cyclic life, and Specimen Number 6-3, which initiated failure at a 
small sub-surface hollow particle (formed by argon entrapment) with above 
average cyclic life. Figure 35 shows these two data points. For the 
balance of the test specimens, where initiations were at small porosity, 
the scatter appeared to be associated with location of the initiation site 
(short life - surface initiation; longer life - sub-surface initiation). 

4.2.3 LCF Behavior Predictions 


Several different fatigue life prediction techniques have been 
proposed in the literature for estimating the effects of hold time on high 
temperature LCF behavior of engineering materials. An effort has been made 
to utilize two such methods. The first of theso methods is the strain range 
partitioning method (SRP method), introduced in 1971 by Manson, Halford and 
Hirschberg This method, coupled with the recent Halford et al (4' 

development of ductility normalized strain range partitioning (DN-SRP) have 
been evaluated for the data generated under this contract. The other method 
evaluated is Ostergren’s hysteresis loop-energy method ( 5 ). The DN-SRP 
relationships were established on the basis of tensile and creep ductility 
of the material at the temperature of interest, with adjustment factors 
incorporated into the predictive method to handle potential changes in 
failure mode from transgra” M .lar to intergranular during the tensile hold 
strain cycle. The loop-energy method utilizes the frequency modification 
as proposed by Coffin (®) into the fatigue behavior predictions to account 
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N f - Cycles 


Figure 32. Low Cycle Fatigue Curves for Inconel 718 
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The Location, Nature and Size of the Process Imperfection Related Failure Origin 
Sites for Four of the LCF Tests are Circled. The Deleterious and the Beneficial 
Influence of Such Process Imperfections of the Fatigue Lives are Depicted. 
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Total Strain Range, Percent, (% Ae 


N f - Cycles 

The Location, Nature and Size of the Process Imperfection Related Failure 
Origin Sites for Two of the 0.33 Hz LCF Tests are Circled. The Deleterious 
and the Beneficial Influence of Such Process Imperfections on the Fatigue 
Lives are Depicted. 


Table XIII. LCF Effective Stresses in Advanced Disk 


Condition * 1 * 
Take off 

Take off/descent 


Rib Region 


Rim Region 

Stress Range 


Stress Range 

MPa (ksi) 

R-ratio 

MPa (ksi R-ratio 

1152 (167.5) 

0 

621 (90) 0 

216 ( 28.9) 

0.63 

107 (15.5) 0.63 


(1) See Figure 6-5C for defi’ sit ions . 



for potential time dopondont fatlguo offocts. 
4,2,3, 1 Strain Bongo Partitioning Prediction 


Tito proponed DN-SRP equations that could bo utillzod ate; 

'vp “ < 2 ^PP/DP* 1,87 <!> 

»Cp - D c (5 ie pp ) - 1 -® 7 (2) 

n cp " D c ao 4t cr ) " 1 ' 67 «> 

where the Equation 1 establishes the relationship between tho tensile plastic 
strain roversed by compression plastic strain (Ac p _) and the cyclic llfo 
(Nj. p ) , Equations 2 and 3 establish tho relations 1 bo tween tho inolastic strain 
deformation which is generated by tensile creep revised by compressive plastic- 
deformation (Ac ) and tho cyclic life (N_ p ) . As recommended by Halford 
Equation 2, with a coefficient of 5, is used when tho cyclic croep rupture 
cracking mode is transgranular, and Equation 3, with a coefficient of 10 is 
used when the cyclic croep rupture cracking mode is Intergranular, As 
observed in the testing program, all throe materials had transgranular 
failure modes in the continuous cycling LCF testing. In tho hold time LCF 
tosting, Inconel 718 had all intergranular failures. H & F Rene'95 had 
transgranular failures at tho short lives and intergranular with the longer 
times while tho As-HIP Rono'95 had all transgranular failures. In tho 
analysis of tho program data, Equation 3 was used to reduco the data from the 
Inconel 718 and long tlmo tests of II & F Rone ’95. Equation 2 was used for tho 
test data of As-HIP Reno *95 and «-ho short time data on II & F Rono'95. 

Tho croep ductility (D ) values obtained during the qualification 
tests wore utilized to establish the DN-SRP-CP relationships for tho three 
alloys. To illustrate tho procedures used, tho steps utilized for deriving 
the DN-SRP-CP relationship for Inconol 718 are shown: 

DN-SRP-CP relationship — 

N cp = D c (10 Ae CP ) - 1 * 67 
where D c = In [l - (R.A.) creep] 
for Inconel 718 (R.A.) creep = 40% 
or D c = In (1 - .40) 

= 0.511 

Resulting in tho final relationship: 

— 1 67 

N cp = 0.011 (Ae^p) * - for Inconel 718 (4) 
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Similarly, tho DN-SRP-CP relationship for tho 
wore derived and are: 

-1 67 

Nqp * 0.0044 (Ae cp ) * - transgronular 

-1 67 

N(,p * °»0014 (Ae c p) * - intergranular 

-l 67 

N cp ■ 0.0023 (Ae cp ) * w ' - As-HIP Rone ’95 


two forms of Ratio '95 


HIP and Forged 
Rone '95 


(5a) 

<5b) 

( 6 ) 


For tho SRP-PP relationships, tho equations used wore obtainod from 
continuously cycling data, whoro tho total 
versus cycle to failure (N^,) providod tho ! 
least squaro bost fit curves for tho throe 
through 38, Tho obtainod PP relationships ax‘o: 

-O 'iO** 

Ac in = Ae pp = 0.33 (N pp ) ' J<3 - Inconel 718 (7) 

AC in * ^PP = °' 024 ^pp 5 " 0,480 “ H&F Rene '95 (8) 

Ae in « Ae pp = 0.118 (Npp) -0,640 - As-HIP Rone '95 (9) 


inolastic strain range (Ae^) 
vs. Ae pp relationships. Tho 
alloys arc shown in Figures 36 


utili 

rule 



g Equations 4 through 9 in conjunction with tho interaction damage 


F F F F 

PP + CC + PC + CPs 1 (10) 

N N N N N 

PP CC PC CP PRED 

where the Fp p and F^ p fractions wore for tho actual hold time tests performed 
for the three alloys, tho hold time cyclic life N pR _ r was derived, A sample 
calculation is shown for one of the tests. The tost Illustrated is for 
Inconel 718, specimen number 3. For this .ost, the following data from 
Table VII was used to establish F„_. and F,.„j 

Li* rr 


Ae in = °* 00499! Ae CP = °* 00078: Ae pp = 0.00421 


wliere 

F 

V CP 

= Ac cp s 

0.00078 


A ®7" 

in 

0.00499 

and 

F 

PP 

» Ac PP = 

0.00421 


■ST” 

in 

0.00499 


The N^ p and N pp cyclic lives were obtained using Equations 4 and 7 to calculate 
N CP* 
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Total Inelastic Strain Range 


Inconel 718 

650°C, A«®, 0,33Hz frequency 



i 

5 

3 



N f - Cycles (Npp) 


Figure 36. Least Square Fitted Curve for Ae Vs. Nf Which Also 
Establishes ACpp Vs. Npp SRP Relationship, 
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Total Inelastic Strain Range, 


HfeP Ron© *05 

650°C, A 0.33llz Frequency 



N f - Cycles (N pp ) 


Figure 37. Least Square Fitted Curve for Ac Vs. N f Which Also 
Establishes Ae p p Vs. N pp SRP Relationship. 
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1,07 


( 4 ) 


whore N cp - 0.011 (A« cp ) 
or N cp « 0,011 (.00499) ~ 1,67 a 77 cycle* 
and to calculate N pp 

^in 3 ^PP 3 °* 33 <N PP ) '°’ 503 (7) 

or N pp ' 0,134 (3o pp ) 1,336 

N pp b 0.154 (0.00499)" 1 * 636 
N pp ■ 1171 cyclcB 

using interaction damage rule (10) 

wo get: F pp + j 

N PP N CP N PRE0 

i.e., 0.814 0.156 1 

1171 ” ' 77 ~ 360 

K PRED “ 360 cycltfB 
Compared to - 

N «.»oiMMr.’n " 128 cycles (See Table VII) 

UUoMvVIUJ 


Similar calculations wore performed for all of the hold time LCF tents, 
and tho resulting ^pngi) cyclic lives have been plotted as a function of the 
observed cyclic life in Figure 39. The figure also includes the observed 
versus predicted data points for the three alloys when tested at 0,33 !!«. 
frequency (20 cpm) • Here the predicted lives were obtained for each of the 
tests using tho test total inelastic strain range tAe ) as Ae and the Npp’s 
were calculated from liquations 7, S and 9 (these equations are least square 
fitted lino equations to the actual data). 

The degree of correlation observed for the SUP method, as performed by 
the techniques previously described, was low. (See Figure 39), Only 3 of the 
12 tensile hold cycle LCF test results could bo predicted within a factor of 
two in life. However, most of the continuously cycled LCF data could be 
predicted within a factor of two in life. The general underpredic t ion of the 
tensile hold strain cycling data by this method is not clearly understood. 
However, a possible explanation could be due to the value oi rupture ductility 
utilized in assessing the N predicted cyclic life. Generally, for most 
accurate predictions, the tSMo duration for the rupture ductility mid the 
predicted LCF life should be equivalent. This was not possible in these 
predictions as only average rupture ductilities assessed during alloy 
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OBSERVED LIFE - Cycles 



PREDICTED LIFE - Cycles 


Figure 39. Strain Range Partitioning Predicted Lives Using Least Square 
Method for PP Relationship and Duciillty-Normaliaes SRP for 
CP Relation Vs. Observed Lives. 
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qualification tent* wore available and thone were u*ed to deteraiinc the N 
cyclic life. C P 

4. 3. 3. 2 Energy Approach Prediction 


Thi* method anuumo* that the major portion of the LCF life i* consumed 
in propagating very small flaw* which initiate early in the fatigue tenting. 
Such similar early fatigue crack initiations have been noted and reported 
elHowhoro in the literaturo, (7-10) thin approach, Ostorgren ' ,r> '* 

proposed that the fatigue damage accumulates duo to the tensile loop-energy, 
which goes to extend the e»*nek. The environmental effect (oxidation of tin* 
crack tip) occurring during the test which may further decrease the fatigue 
life is considered by the incorporation of a frequency modified torn, which 
was proposed by Coffin. 

Tne resulting generalized fatigue life correlation equation is: 

AW, r Ac ln v 3 <K_1> a C <11 ) 

whore « tensile hysteresis loop-energy 

measured for the loop. 

Y= frequency 

P,K, and C aw material constants 
Nj, = the cyclic life 

Tills correlation has been evaluated for all ol the program LCF data. 
The material constants P, K and C were established for the alloys by regression 
curve fitting of the data. 

Figure *10 shows typical hysteresis loops for both continuous and hold 
time cycling tests. The shaded area (tensile hall' of the loop) for all the 
tests was measured accurately using a planimeter for the loop. This area 

was appropriately multiplied by the stress and the strain scale factors to 
arrive at tlie loop-energy (AW^,). For Inconel 718, the A W T versus 

cycles to failure - N . plot is shown in Figure 41. For the two forms of 
Rene *95, the frequency modification term -yP (K-l) was found to be equal to 1, 
since K ~ 1. Figures 42 and 43 show the plots for the i.w alloys where N , 
is plotted ns a function of Aw T - loop-energy. Finally, Figure 44 Is a plot of 
observed fatigue life versus predicted fatigue life. The predicted lives were 
calculated for both the continuous and the bold time cycling for the three 
alloys using Ostergren's damage function. 

The correlation for the hold time cycling tests obtained using 
energy approach was excellent ns shown in Figure 44. All hold time tests 
could be predicted within a factor of two of the observed life. For the 
continuously cycling tests, all except four tests could also be predicted 
within a factor of two. 
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Figure 43. Correlation of R *95 (As-HIP) L£F Data (both 0.33 Hz and 
15 Minute Hold Tisue) with Damap~ Function C_ &€p. 






Observed Life 


O inconel 718 
O H + P Rene *95 
A As-HIP Reno *95 


FACTOR OP 2 


Open Symbols - 0.33Hz 

Closed Symbols-15 Min. Hold Time 


Predicted Life - Cycles 

Predicted Lives Vs. Observed Life, Where Predicted Lives were 
Obtained Using Least Square Fitted Lives per Loop Energy Method 
(0 Stergren). 7 



Tho four testa that fell outside the factor of two predictions were on 
Rene '95, As discussed earlier in Section 4,2,2, all of the continuously 
cycling LCF tests for the two forms of Rene *95 had failed at material defects 
(either inclusions or pores). The overprodlctcd tests woro on for HfcF Rone '95 
(Test No. II-7) and one for As-HIP Rene '95 (Tost 6-2). In both of thoso tests, 
failure initiated at surfaco defects. An oxide (A1„0 ) inclusion was found 
at the origin of spocimon #11-7. The initiation sito J for specimen #6-2 was a 
surface pore. For tho unde rprodic tod tosts, tho initiation sitos were small 
subsurface pores. This obsorvod trend has been found to bo gonorlc for all 
of powder metallurgy alloy LCF tests, where tho surfaco initiation, 
particularly if associated with an oxide inclusion, results in shortor lives. 
Conversely, subsurface initiation rosultod in significantly longer fatigue 
lives for a given size of anomaly, 

5.0 RESULTS AND DISCUSSION OF CCOR TESTS 

5.1 Cyclic Crack Growth Tost Results 

The reduced crack growth data from tho raw testing measurements aro 
listed in tables in the Appendix B. These crack growth data were curvo 
fitted to a six parameter sigmoidal curvo relationship which has boon 
demonstrated to be vory useful for this purpose by Gonernl Electric. Details 
of this analysis aro covered in Appendix C. Tho best fit sigmoidal curves to 
the data are included in plots of the tost data. 

5.1.1 Inconel 718 CCGR Data 


Four continuously cycling and four hold time cycling tosts wore 
performed on Inconel 718, Of those sovon CCGR tost results are presented. 

One specimen, tested at a stress level of 621 MPa (90 ksi) failed in creep 
rupture before any crack growth could bo detected, thus no d,tta for this test 
was obtained. 

The experimental data presented in the Appendix B, Tables B-l and 
B-2 list the test data for tho 0,33 Hz and 15 minute hold time conditions, 
respectively for tho CCGR tests on Inconel 718, Those tablos list tho stress 
range (Act), the observed cyclic crack growth rate (Aa/AN), and tho computod 
stress intensity parameter range (K) fx'om the crack size and tho test bar 
stress. The composite crack growth plot of the four tosts undor continuously 
cycling conditions is shown in Figure 45, For thoso continuous cyclo results, 
tho data was normalized with the stress intensity parameter, and formed a 
single population independent of tost stress level. Vory little experimental 
data scatter was noted and all data fittod the single sigmoidal curvo shown 
with the equation constants which are listed in Appendix C, 

The hold time CCGR data failed to demonstrate a unique correlation 
with stress intensity factor, and instead, demonstrated a tost stress range 
dependence as shown in Figure 46 which indicates threo best fit sigmoidal 
curves depending on stress level. The higher tost stress ranges resulted in 
a greater degroo of threshold stress intensity enhancement and a more rapid 
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increase in crack growth rato once tho threshold was surpassed. The constants 
for tho throe difforent sigmoidal curvos usod to fit this data are listed in 
Appendix C. 

5.1*2 Inconel 718 CCGR Observations 


As previously indicated, one Inconel 718 hold timo CCGR spociinen, 
boing tostOM at 621 MPa (90 ksi) stress, failed in short timo stress rupture. 
No cyclic growth rate data were obtained for this spocimen as crack growth and 
fracture was abrupt. Tho fnilod specimen exhibited significant plastic 
deformation within the gago soction and failure modo was intergranular which 
is typical of creep rupture in this alloy at 650°C. In fact, all Inconel 718 
hold timo CCGR specimens showed intergranular crack growth and exhibited 
significant fracture surface oxidation. 

A comparison of tho curves in Figure 45 and 46 reveals on increasing 
threshold stress intensity with Increasing tost stress for the hold time tests 
'all the hold timo tests exhibited highor threshold stress intensity than the 
continuous cycle tosts), and increasing crack growth rates with increasing 
stress level once the enhanced thresholds are surpassed. Tho trend in those 
data is seen to be toward a single vortical lino at an undefined, but very 
high, enhanced threshold, whore cracking would proceed very rapidly and 
independent of cycling, in a stress rupture mode. 

5.1.3 F P + Forged Rene *95 CCGR Data 


For this advancod engine disk alloy, a combination of four 
continuously cycling CCGR tosts and four hold timo cycle CU5R tosts wore 
porfonnod. Tables B-3 and B-4 (Appendix B) list the oxporimental test data 
for the 0.33 Hz cyclic tests and hold timo cyclo tests, respectively. Those 
data are presented in graphical form in Figures 47 and 48 for tho 
continuous cycle and hold timo cycle, respectively. For tho continuous cycle 
tests (Figure 47), tho data correlated well with the stress intensity 
parameter and formed a single population independent of the test sti’oss lovol 
and only typical experimental data scatter wore soon. All tho data could be 
fitted to a single sigmoidal curve (tho constants listed in Appendix C) , 

As with tho Inconel 718, tho hold timo CCGR data (Figure 48) on 
H+F Rene ’95 failed to demonstrate a unique correlation with stress intensity 
factor, avid instead, demonstrated a test stress range dependence. For those 
tests, in a manner similar to tho Inconol 718, tho higher test stress rangos 
resulted in a givater dogree of threshold stress intensity enhancement and 
more rapid crack growth once the enhancod threshold was surpassed. 

5,1,4 HIP + Forged Rene’ 95 CCGR Observations 


The most significant observation for the CCGF. behavior exhibited by 
HIP + Forged Rone *95 was the effect of test stress range on the hold timo CCGR. 
Evident from a comparison of Figures 47 and 48 are the observations that, 
for the hold time data, an enhanced threshold was encountered compared to the 
continuous cycle threshold, and that the dogree of threshold enhancement 
increases as the test stress rango was increased. Once this enhanced threshold 
was surpassed, the hold time CCGR increases rapidly, surpassing the 
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* Figure 45. Inconel 718 Crack Propagation, 650° C, 0.33 Hz, * 0.95. 
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Figure 48. HIP + Forged Ren€ 95 Crack Propagation, t. 
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continuous cyclo test data by one to two orders of magnitude in growth rate, 
5.1.8 As-HIP Rono *95 CCGR Data 


For As-HIP Rono *05, a total of oight CCGR tests wero performed. Four 
of those tests wore performod with tho .33 Hz continuous c yclo; four with the 
15 minute maximum tensile stress hold time cycle. Tho tosting was oqunlly 
divided botwoon Gonornl Electric and Metcut. Ono of the initial hold time 
tost specimens of this alloy failed rapidly without any crack growth data 
collected. This specimen contninod a largo fatigue procrack and was boing 
tosted at u21 MPa (00 kBi). Failure occurrod after only 148 eye lou. Tho 
remaining seven CCGR touts provided valid data and are roportod in the 
Bubsequont paragraphs. 

Tab lou B-5 and D-G (Appendix D) prose* ?• tho CCGR data for As-HIP 
Rone *95 for tho continuous cycle .33 Hz tests am. the 15 minute hold time tests, 
respectively. These data ate presented in graphical form in Figure 49 and 30 
for tho continuous cycle and hold time tests, respectively, Tho continuous 
cycle data correlated woll with stross intonBlty parameter and foraed a single 
population independent of tho test stross level. Only minor experimental data 
scattor was seen. All the data could be fittod to a single sigmoidal curve, 
with tho constants listed in Appondix C, 

Hold time data (Figure 50), once again, i’ailod to show a unique 
correlation with tost stress intensity factor and demonstrated a test stross 
range dependence. Tho hold time CCGR data for As-HIP Rono *95 could not be 
fittod to a singlo sigrioidal expression and the throe different sigmoidal 
curves were used to fit this data, 

5.1.6 As-HIP Rono * 95 CCGR Observation s 

Comparison of Figuros and 50 demonstrates an enhanced threshold 
for the hold timo CCGR tosts compared to tho continuous cycle tosts and rapidly 
accelerated CCGR once tho enhanced threshold was surpassed ns with the other 
two matorinU. Tho hold time CCGR stross dopondoncy, however, was limited to 
tho mid-growti rnto regime (Figure 50), Although the data woro very limited 
in tho threshold regime, ihovo appears to bo little if any stross dependence 
thoro, in contrast to the Inconol 718 and HIP + Forgod Rone '95 hold time CCGR 
data, 

5.2 DISCUSSION OF CCGR TEST RESULTS 

5.2.1 CCGR Behavior Comparisons 


For oase of comparison for oach of tho three alloys, both tho 
continuously cycling CCGR curvo and a band representing the hold time CCGR 
bohavlor nro presented in Figure 51 for Inconel 718, Figure 52, for H+F 
Rono '95 and Figure 53 for As-HIP Rone *95. Tho hold timo CCGR band, for each 
alloy, represents three tests performed over a range of tost stresses. Tho 
resulting stress dopondent threshold stross Intensity enhancement and tho 
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Figure 50. As-HIP RenS 95 Crack Propagation, t h * 15 Minutes, 650° C, * 
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Figure 51. Cyclic Crack Growth Behavior for Inconel 718, 
Under Both Continuous and Hold Time Cycling 
Conditions at 650° C (1200 <l F). 
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Figure 52, Cyclic Crack Growth Behavior for H + F Reno 
95 Under Both Continuous and Hold Time 
Cycling Condition nt 650° C (1200° F), 
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Figure 53. 


Cyclic Crack Growth Behavior for As-HIP Rene' 

5 Under Both Continuous and Hold Time Cvclimr 
Condition at 650° c (1200° F). Cycling 
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accelerated cyclic crack growth behavior observed during the hold time CCGR 
tests for the three alloys are discussed In the subsequent paragraphs. 

All the CCGR data previously presented was generated using a surface 
flawed rectangular tensile bar, the bar, as the selectod specimen. The 
selection of this 1C bar spoclmon was “based on General Eloctrlc experience with 
this specimen design over the years, and its demonstrated ability to provide 
CCGR data applicable to turbine disk operating conditions. Tlio 1C bar bettor 
simulates the small flow, high stress state experienced in a turbine disk 
application, and has been demonstrated (11) to predict hold time CCGR behavior 
in model disk testing more closely than compact .tension type specimens. The 
development of CCGR data using the 1C bar and the small flaw, high stress 
approach automatically Incorporates the potential effocts of creep or stress 
rupture into the test data, if in fact, the test parameters being examinod 
are in the ranges where the mater ini of interest would be oxpectod to 
experience creep or rupture effocts. The use of the Kg bar approach, then, 
eliminates the need to analytically factor potential creep or rupture effects 
into the CCGR data. 

In a previous discussion several observations were made of the CCGR 
data. One of the more significant observations was that for the continously 
cycled tests for all three alloys, the data were well behaved and conformed 
to a single population for each alloy. The continuously cycled CCGR data for 
oach alloy could be regression fitted to a single sigmoidal curve, exhibited 
a stress range independence, and conformed to the assumptions inherent in a 
linear elastic fracture mechanics approach. 

Comparison of the continously cycled CCGR results for the three alloys 
revealed equivalent CCGR behavior for the two forms of Rene # 95 and slightly 
superior behavior, both in the threshold regime, for the Inconel 718 material. 
Based on the continously cycled data, one would conclude that Inconel 718 exhibits 
better crack growth resistance than the higher strength lower ductility forms 
of Rene'95 evaluated. 

For the 15 minute hold time at maximum tensile stress cycle, the 
effects of creep damage accumulation become factored into the CCGR data. For 
each material these creep damage effects result in a threshold stress 
intensity enhancement and significantly accelerated growth, compared to the 
continously cycled test condition. The creep damage accumulation mechanisms 
active at the different tost stresses employed have apparently resulted in the 
stress dependencies noted for oach material for the hold time cycle. 

5.2 „ 2 Stress Dependence 

For the A=l, load controlled K_. bar CCGR testing with the 15 minute 
hold period, the state of stress at the tip of the propagating fatigue crack 
represents a difficult analytical problem. The response of a material being 
loaded in a tensile hold cyclic manner in the creep range might be expected to 
differ depending on the specific level of poak tonsilo stress being evaluated, 
or tlio actual stress intensity range being tested. The hold time CCGR data 
for each of the alloys revealed a stress dependence which varied depending on 
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the crack growth rate regime being evaluated. Compn red to the unique 
continuously cycled test threshold stress Intensity values obtained for each 
alloy, the hold time cycled data showed enhanced threshold stress intensity 
values, the degree of enhancement was an inverse function of the applied stress 
level. The phenomenon may be accounted for by considering the basic creep 
phenomenon to be operative in the threshold stress intensity range to be a 
crack tip blunting mechanism. I'sing this mechanism as a model, it was 
anticipated that ns the test st>vss level was reduced, the degree of crack 
tip blunting by creep during the tensile hold period would also be reduced. 

At sufficiently low test stress ranges, creep fatigue crack tip blunting 
would cense to occur, such that the threshold obtained for the continuously 
cycled CXX1R test could be considered the limiting case for low stress hold time 
test cycling. As test s tress level was increased (or conversely, as the precrack 
siae was increased at the some stress level), blunting of the fatigue crack 
tip could overcome the effect of cycling, such that the fatigue crack would 
not propagate. 


As test stress level was increased, ultimately the creep crack tip 
blunting mechanism changes to a creep crack extension mechanism, such that 
accelerated cyclic crack growth was the result, Tne limit in (XX1N behavior as 
test stress is increased may be considered to be a vertical line. In that 
situation once a crack of sufficient siae was introduced Into the specimen, 
cracking by a creep rupture mode during the tensile hold period, independent 
of cycling, would occur to rapid ultimate failure of the specimen. Review of 
the inconel 718 and HIP and i'orgttl Rene *95 CCXIR data Indicates that both of 
these alloys followed this trend. Increasing test stress range did result, in 
increasing threshold enhancement over the continuous cycle threshold. The 
552 MPa (80 ksl) Inconel 718 held time CCOR data approached that of a vertical 
line, with growth rate nearly Independent of stress intensity range, A single 
Inconel 718 test performed at 031 MPa (90 ksi) failed to yield any CCOR data 
because the specimen failed rapidly In a creep rupture mode. The hold time 
data for As-HIP Rene *95 showed an enhanced threshold relative to the 
continuous cycle test < ‘a, but failed to demonstrate a stress dependence in the 

threshold regime. This,. parent stress independence may he a consequence of 
the limited data in the near threshold regime, which was minimal compared to 
the other two alloys. In the intermediate crack growth rate regime . As-HIP 
Rene ’95 demonstrated an overlap in the data such that the higher test stress 
data (031 MPa) falls between the 414 MPa and 552 MPa test data. In the case 
of the As-HIP Rene *95, the test data may simply indicate a general data 
scatter band rather than a stress dependence , In this sense, the As-HIP 
Rene *95 data may differ from the HIP and Purged Rene * 95 and Inconel 718 hold 
time data. 

5,2.3 Threshold Enhancement and Accelerated Crack Growth 


The significant observation regarding hold time OCXIR threshold 
enhancement for the three alloys have been discussed in the proceeding 
paragraphs dealing with strews dependence. As shown by the I'lTllv data, once 
the threshold for crack growth was exceeded, the IX'UR was greatly 
accelerated with the 15 minute hold times. Similar behavior of threshold 
enhancement and accelerated CCXIR with hold times have been noted by 



Shahinlan and Sadananda (12). In their investigations, they have proposed a 
mechaniclstlc model to accomodate such behavior. Two separate, and somewhat 
competing mechanicism could be operative at the crack tip. The hold time 
enhancement could be caused by the Increase plastic flow at the crack tip 
with time exposure and result in crack tip blunting. This extended plastic 
zone could provide increased energy absorbing sinks and thereby reduce crack 
growth. The cyclic crack extension mechanism, of course, is competing with 
the retarding mechanism. As cyclic stress intensity range (and concurrently 
the cyclic plastic zone size) is increased to exceed the size of the time 
dependent extended plastic zone, cyclic crack extension became the 
controlling mechanism. Shahinlan and Sadananda (12) suggest that creep 
induced microcrack voids and embryonic cracks ahead of the crack may facilate 
growth during the cyclic portion and result in accelerated crack growth once 
the threshold is exceeded. Such a mechanistic model appears reasonable to fit 
the CCGR data of this program. In fact, the model can justify the enhanced 
threshold with increased test stresses. Higher gross stresses would cause 
a more rapid increase in the time dependent plastic zone than in the cyclic 
stress intensity plastic zone and the beneficial effect of the time formed 
plastic zone would persist to a higher level of stress intensity. This 
possible mechanism agrees with the CCGR data of this program. 

6. DISK LIFE PREDICTION 


A major objective of this program was to compare the relative cyclic 
life capabilities of the turbine disk alloys evaluated in this effort. The 
purpose was to assess the potential of advanced alloys and powder metallurgy 
processing to improve the cyclic behavior over existing production materials. 

As a means of comparing the relative life capabilities of the three materials, 
predictions of the low cycle fatigue (LCF) crack initiation life and the cyclic 
crack initiation life and the cyclic crack growth (CCG) life of an advanced 
high pressure turbine disk design were performed. The sum of these two cyclic 
lives which gives the total cyclic life of a disk provided the proper basis 
for comparison of the disk alloys. The following sections provide the details 
of these life predictions and comparisons. 

6.1 Advanced Turbine Disk 

The disk selected for the comparison of the alloys was the integral 
multidisk design of the high pressure turbine disk for the GE23 demonstrator 
engine, which is the potential core design of a new family of advanced engin< «. 
It was designed to meet initial demonstration life of 2000 cycles and service 
life of 36000 cycles in the final production design. The disk configuration 
as shown in Figure 54, was of the bore entry cooling air design and had ribs 
in the internal passages to join the two structual halves. Preliminary 
analysis of the disk showed the temperature and stress distribution versus 
radial direction to be as indicated in Figure 55. These conditions emphasized 
the need for high creep rupture resistance at the disk web and dovetail post 
locations for the high turbine inlet gas stream temperature conditions near 
the rim and for high tensile strength requirements at the bore to satisfy burst 
speed margins and cyclic life. 
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At the disk rim hold tlmo LCF would be expected to be the life limiting 
property while at bore's lower temperature the cyclic strength without hold 
times would likely be limiting. With such demanding stress and temperature 
conditions which are typical of advanced engine turbines, this disk was a 
suitable vehicle for evaluating tho cyclic behavior of candidate materials for 
advanced engine applications. The 650°C temperature range and the 600 MPa 
stress level range in the dovei, ,11 region are too high for adequate burst and 
creep margins in Inconel 718 which would not be usod under such conditions. 
Inconel 718 was selected to provide tho LCF and OCG comparisons with a 
representative turbine disk material used in current production engines. All 
current production engine disk materials would have these shortcomings in 
creep and burst when applied to advanced turbine disks. 

6,2 Method of Analysis 


In this section the analytical techniques used to detemine the 
relative cyclic life capacity of the three materials are presented and 
discussed. In making these comparisons, three separate analyses were used: 

1) Analysis of the crack initiation life and cyclic crack 
growth life utilizing a mission cycle that allows direct use 
of the data generated in this program. 

2) Parametric studies of the effect of variation of stress 
and/or strain beyond the range of the disk values while 
maintaining a constant temperature of 650°C (1200°F) . 

3) Improved analysis of the cyclic crack growth life capability 
utilizing a more representative mission profile with more 
appropriate temperatures and stresses, but requiring 
approximations of the materials behavior data at these temperatures. 

The technique of each of these approaches to the life prediction 
will be discussed in subsequent sections. 

6.2.1 Assumptions 

Specific technical assumptions aie discussed as encountered. It has 
in general been assumed, however, that the overriding propose of this endeavor 
was to employ standard analytical methods to obtain relative comparative 
information on the three alloys. This approach allows simplification and/or 
omission of extreme detail that would usually be required in a normal design 
analysis used to determine actual expected part life. Tho life values obtained 
in this study show valid trends and viable comparisons between tho alloys but 
they should not be taken as actual expected part livos. More extensive stress, 
temperature and cycle definition as the design develops would be required prior 
to setting those values with high confidence. 

6.2.2 Disk Stresses 

As cited in the introduction to this section, the first approximation 
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Figure 55. Stress and Temperature Distribution for Advanced Engine HPT Disk. 




of the stresses in high pressure turbine disk was made using a coarse "ring" 
model of the disk and this stress distribution was shown In Figure 53. In 
order to achieve a more exact definition of stresses at local stress 
concentration, which would be the life limiting regions, a finite element 
analysis of the disk was performed. The finite element mesh and the peak 
stress locatioais are shown in Figure 56, Two are&s were considered as life 
limiting. One peak stress condition was at the Inner base of the rib at 
the intersection with the main body of the disk where a maximum effective 
stress of 1152 MPa (167 ksi) and the temperature was 566°C (1050°F), The other 
was at the intersection of tho dovetail slot and the aft rabbet radius whore 
the temperature was approximately 650°C (1200°F) and maximum effective stress 
was 621 MPa (90 ksi) and the maximum principal stress was 745 MPa (108 Usi). 

The two locations wore the life limiting ureas considered for the life 
predictions of this program and were analyzed for cyclic lifo capability. 

6.2,3 Mission Cycle and Critical Location Definition 

The stress and temperature conditions in Figures 55 and 56 are at 
tire maximum engine RPM. Although no final mission (stress, temperature, time 
profile) has been defined for this engine, a representative mission typical 
of advanced transport engine operation is shown in Figure 57, This mission 
was constructed by scaling tho stross and temperature indicated in Figures 55 
and 56 as a function of engine RBI, 

Since relative comparisons of cyclic lives of the disk materials were 
involved, the thermal mechanical cycle of Figure 57 can be simplified 
considerably for ease of analysis while still adequately assessing material 
response. The mission simplification is illustrated in Figure 58, Tho overall 
stross cycle was comprised of throe purts: 

1) Zero-maximum-takeoff portion (with hold-time) 

2) Cruise-descent -approach portion 

3) Approach- idle- thrust reverse portion 
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Figure 56. Advanced Engine Disk Finite Element Mesh Showing Critical 
Stress Locations,, 
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Figure 57. Typical Stress, Temperature and Time Mission Profile for an Advanced Engine 
Operation. The Profile is for the Disk Rim Region. 
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Figure 58. Illustration Showing the Simplification Process 
for the Advanced Engine Mission. 



This was further simplified and tailored to the current data by assigning 
a 15 minute hold time to the takeoff portion and considering the other two parts 
as approximately similar cycles of the same stress range. Further to the intent 
to make relative comparisons and to utilize the data generated here, the thermal 
cycling portion of the mission was simplified to a constant maximum temperature 
of 650°C. Similarly, the temperature variation shown in Figure 55 was con- 
sidered to be approximated by a constant 650°C. It should be noted that the 
calculated stresses did include the influence of thermal gradients that actually 
would exist in the disk. 


6.2.4 Crack Initiation Life Analysis 

Low cycle fatigue (LCF) life is assumed to be dependent on surface 
effective stress. When sufficient constraint is provided by surrounding material 
as in the two identified life limiting areas, the locally plastically yielded 
peak strain area is considered to undergo strain cycling conditions. Thus, for 
this study LCF life was determined by using surface effective pseudo-stress 
(elastically calculated) divided by the modulus of elasticity to obtain a total 
strain range. This strain range was used to compare to material data curves of 
strain range versus life to obtain life values. 


Based on the detailed stress analysis, the effective stresses applied 
to all three materials were as listed in Table XIII. These stresses were deter- 
mined for a Rene *95 disk configuration. Upon substitution of Inconel 718 
material, these stresses would be expected to change somewhat due to density 
and thermal conductivity differences. It was shown in Reference 13, however, 
that the change in stress is minor and only on the order of 14-21 MPa. As such, 
this change was neglected without significant effects on the comparisons. 

To arrive at a mission cycle life, the life values for the separate 
components of the cycle in Figure 58C were first evaluated and then summed by 
linear damage summation rule: 


». <1 ♦ 2 > - 1 

Hj n' 


where N=mission cycle life 

N^=cyclic life for first component (15 min. hold time) 

Ngsscyclic life for second component (continuous) 

The two in the second factor recognize that there were two cruise-descent 

approach cycles (N-) to every one hold cycle (N ) . 

* 1 

In assessing the crack initiation life of a component , several diffe- 
rent material cyclic life values can be used. As defined earlier, these events 
were used to define LCF life. They were" 

= cycles to crack initiation as determined by first major deviation 
of load versus time trace 

Ng = cycles to crack initiation as determined by 5 % load drop in load 
trace 

N f « cycles to failure of LCF specimen 
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Since the N life as measured by General Electric has generally been 
shown to relate to a fatigue initiated surface length crack of 0.76 mm (30 mil) 
and it was the first measure of crack initiation, N was considered the most re- 
presentative of disk crack Initiation in the LCF analysis of the disk. As the 
fatigue propagation life was calculated from a 0.23 mm (10 mil) deep, 0.76 mm 
(30 mil) long fatigue crack, the selection of was appropriate to predict the 
crack initiation life as a portion of the total 1 ! ife exhaustion process, 

As sp ''rifled by NASA in the contract requirements, the low cycle 
fatigue data was generated under constant strain conditions at a R ratio of 
minus one. As shown in Figure 58, the representative mission cycle has an R 
ratio between aero and plus one. Translation of the LCF data of this program 
to mission conditions was accomplished by the method described in Appendix D, 

6.2.5 Cyclic Crack Growth Life Analysi s 

In the process of comparing the materials behavior in the advanced 
disk design, several crack growth analyses were completed. In all cases, an 
initial crack, presumed to be caused by fatigue crack initiations, and of a 
0.25 x 0.76 mm tnitini sl«e was assumed present in the two previously defined 
life limiting regions. The life prediction method discussed in Appendix E was 
omployod and the cyclic crack growth rate data generated in this program was 
curve fitted as discussed in Appendix C. The method used was a conventional 
cyclic crack growth analysis where crack growth cycles terminate when the crack 
tip stress intensity achieves the critical cyclic fracture toughness of the 
material. 


Use of the materials data generated on this contract was direct for 
the major stress cycle of the mission cycle. However, for the cruise-descent 
portion of the mission the stress ratio translation of the crack growth data 
was accomplished using the Walker relationship as described in Appendix D. 

As for LCF, the crack propagation life was calculated for the separate 
components of the mission cycle and summed using the linear damage rule. Note 
that this is a simplification that Ignores ordering effects that may be signi- 
ficant in crack propagation but because of the comparative nature of this 
study should not adversely Influence the results. Ordering effects would be 
expected to bo similar for the alloys being evaluated. 


The nssoi mont of the relative total cyclic life capacity of the ad- 
vanced disks using the three alloys was accomplished by adding the crack Initi- 
ation and the cycles for crack propagation. 

Several GOG life analyses were conducted in this program in effort to 
improve the comparisons of the materials under more relevant conditions. The 
CCG life analyses presented in this report differed primarily In the treatment 
of local plastie stress effects at the two stress concentrations and in the 
local metal temperatures. 


6 . 2.6 


First CCG Life Analysis 

In the first prediction of the disk CCG lives, the mission cycle of 
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Figure 59. Advanced HPT Disk Rim Region Stress. 
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Figure S8C was assumed to apply. The elastically calculated stresses normal to 
the assumed crack plane at various distances from the surface are shown In 
Figures 59 and 60. The elastically calculated curve was obtained by fitting a 
polynomial curve to the peak stress at the center of the finite elements. The 
peak surface stresses were determined by assuming purely elastic stresses for 
the first CCO analysis. As shown In Figure 59 and 60, the peak stress levels 
are different than cited under the LCF analysis. In the CCG analysis, maximum 
stress normal to the crack was used while in the LCF analysis, the maximum 
effective stress was used. 

6.2.7 Parametric Studies 


It will be shown in Section 6.3 that the simplified mission cycle of 
Figure 58C Is extremely severe in terms of CCO from the relatively large 0,25 x 
0.76 mm fatigue crack and the ovor- temperature condition at the rib location. 

This severity hinders the suitability of the life values in comparison studies. 

To overcome this shortcoming, a parametric study was made for a simply cycle 
(Q-maximum-Q) with and without hold time over a wide range of initial starting 
crack sizes. This permits an overall comparison of the relative capability of 
the three alloys instead of a test at one particular condition. 

Similarly, a parametric study of LCF mission cycle life was also con- 
ducted. This was less informative, however, since it merely involved an R- 
ratio correction to the data curves of strain range versus life. 

6.2.8 Improved Cyclic Crack Growth Life Analysis 

After reviewing the results of analysis using the simplified mission 
cycle of Figure 58, derived in an attempt to fully utilize program generated 
data, it was obvious that it was overly severe for the actual turbine disk. In 
order to maintain the proper perspective in terms of an actual disk, an attempt 
was made to obtain more realistic disk CCG life estimates. This was done by: 

a) Accounting for localized plasticity which reduces the effective stress. 

b) Using crack growth data representative of the actual disk temperature 
in the Rib region (566°C instead of 650°C) , and 

c) Accounting for the fact that in the Rim region the hold time takes 
place at a lower stress than the maximum. 

At the operative stress levels at the bore rib the local stress was 
above the elastic limit. In order to Improve the CCG life analysis, the remote 
stress field used in the analysis was reduced from the elastic calculations of 
the first CCG life analysis to reflect this yielding and stress redistribution. 

As shown by Popp, et. nl. (11) this method can significantly improve the accuracy 
of predictions when gross stress fields are near the elastic limit. At the rim 
regions, the maximum stress was below the yield strength for all three materials 
as shown in Figure 59 and no stress redistribution would occur. 

Reduced localized stresses at the rib stress concentrations were deter- 
mined using the NEBBER program (Appendix F). These reduced local stress values 
for Inconel 718 Rene '95 are shown in Figure 60. Using these reduced surface 
stresses, regression analysis fit equations were obtained for the stress distri- 
bution. Using these values, more realistic CCG life predictions were made. 
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In order to analyze the CCG life at 566 °C In the rib regions, esti- 
mations of the materials properties at this temperature worenecessary. For 
Inoonel 718, previously generated data for 537®C with a 22 minute hold time, 
and 537°C continuous cycle, were used for the hold time portion and secondary 
cycles respectively. For P/M Rene '05, It was assumed, based on unpublished 
data that no hold time effect Is present at 566°C. Previously generated data 
for As-HIP Rene '95 at 527°C and using a continuous cycle was employed and was 
assumed applicable to HIP + Forged Rene '95 as well, based on experience with 
life prediction for these alloys at 537°C. CCGR constants for this data are In- 
cluded in Table C-l of Appendix C. 

Based on details of the thermal transients in the rim region, it was 
concluded that the applicable stress would be reduced by 10% from the maximum 
peak stress when the steady state thermal condition was reached. This is based 
on behavior in the rim regions of other similar engine disks and implies that 
this reduced stress is the operative stress during the prolonged hold time. 

This reduced stress hold time period provides a realistic assessment of disk 
CCG life under more representative conditions. 

6.2.9 Other Design Considerations 

The overall comparison of the alloys for disk applications must also 
consider other criteria than Just cyclic life. For example, the burst strength 
capability which is principally a function of ultimate strength and ductility 
should be examined, as should creep rupture capability. Ranking of the alloys 
for disk applications may vary depending on the criterion selected and all design 
requirements must be considered to obtain the most suitable material. The data 
necessary to assess other behavior besides cyclic life was not part of this pro- 
gram. However, based on available data the relative performance of these alloys 
in burst and creep resistance was compared. 

6.2.10 Use of Materials Data 


The LCF data from the program was regression analyzed to provide a 
means of establishing the best data fit. Limited amounts of data caused some 
overlapping of N. , N,., and regression curves in the regions where data was 
not available. When this occurred in the region of interest for the selected 
disk locations and it was necessary to assume that and/or N approached N f 
in these regions and hence when this crossover occurred, anB/or N r were 
limited to be equal to N^. J 

As only limited amounts of data were generated in this program, all 
life prediction results were based on average best fit curves to the data. 
Normally, in life prediction, minimum expected materials properties would be 
used so that the influence of material variation is incorporated into the com- 
parison. Since the property variation of these three alloys were expected to 
be similar with only subtle differences, this qualitative comparison would be 
valid. Minor differences in material properties variations were considered far 
less influential than the uncertainties in the life prediction methods, them- 
selves . 
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As discussed In Section 8.2, there was a strong Influence of test 
stress level on the crack growth data with hold times. The expected slngularl 
of the stress Intensity range In correlating crack growth data was not observe' 
As no one test stress level was appropriate for the life predictions, throughoi 
the CCG analysis when hold times ore a consideration, results ore presented ov< 
the range of test stresses. 

Extrapolations beyond the actual data were necessary In the CCG analyc 
both In the slow and rapid growth regions. In the extrapolations, the regres- 
sion analysis slgmodlal cruve equation as described In Appendix C was used. 

This analysis which depends on curve fitting to establish the threshold stress 
Intensity and the cyclic fracture toughness has significant effect on predlctec 
lives. With the limited data of this program, particularly with bold times, 
these extrapolations must be recognized as tentative, at best, until more under 
standing of creep hold time effects on crack growth is available. 

G.3 Disk Life Prediction Results & Discussion 


Using the methods described previously, pi'edictions were made of the 
cyclic life necessary to initiate cracking and to propagate those cracks to 
fracture. The mission cycles selected for comparison was that assumed to be 
representative of a transport mission which was shown in Figures 57 and 58. 

6.3.1 Crack Initiation Life Pi'edictions 


The results of the LCF crack initiation analysis of the advanced tux- 
bine disk for the assumed simplified mission cycle (Figui’e 58C) are listed in 
Table XIV. As noted previously, results indicated were for avei’age lives based 
on the best fit of the test data. As listed In Table XIV, the LCF life in the 
rim of the disk was greater than 10 5 cycles for all materials regardless of the 
crack initiation critorio for the life of the test bars. Even at the most re- 
strictive definition ci'ack initiation, Ni (first discernible change in compli- 
ance of the specimen), the lives were over 10® cycles. At the rib location, 
however, there were significant differences between Inconel 718 and the two 
Rene’95 alloys, which wore essentially equal. The lives for all three alloys 
were established by the major stress cycle with the 15 minute hold time. As 
expected the superior creep and tompei'ature capability of Rene ’95 was demon- 
strated. 


The comparison of the three materials at this single disk condition 
was limited and does not give a broad view of the capacity of these materials. 
This was a consequence of attempting to use simplified analysis techniques 
while simultaneously incorporating all of the contract generated data. In order 
to achieve an overall comparative description of each material on a consistent 
basis, it was more informative to utilize the parametric plots for CCG and LCF 
life predictions. Parametric comparison and results for the advanced tux'bine 
disk are also pi'esented. 

Figure 61 shows the influence of take-off strain level of the mission 
cycle on LCF crack initiation life using Ni as the failure criterion. Similar 
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Table XIV. Crack Initiation Life Predictions of Advanced Disk to 
Assumed Mission Cycle (Figure 58C). 


Constant Temperature of 650 °C Elastically Calculated Strains 

Test Data Failure Criteria 


Rim Location 


N i 

N 5 

M * 

"f 

Alloy 

Mat' 1 

(Cycles) 

(Cycles) 

■(Cycle*) 

1 

IN718 

>10 5 

>10 5 

>10 5 

2 

R95H+F 

95 

99 

99 

3 

R95AH 

«t 

99 

99 

Rib Region 


N. 

l 

N S 

N f 

Alloy 

Mat" 1 

(Cycles) 

(Cycles) 

(Cycles) 

1 

In718 

3,150 

2,850 

3,450 

2 

R95H+F 

48,000 

48,000 

48,000 

3 

R95AH 

53,000 

57,000 

58,000 


*Note: N- in this table is mission cycles to failure for a test specimen 

not for a disk. In this case, the FCP life is defined as N--N- or 
Nf-Ni« They could be significantly longer for an actual component. 
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Total Longitudinal Strain Range 







comparisons were obtained using the N. and N failure criteria for LCF crack 
Initiation lives. Since the secondary cycle'of the mission contributes very 
little damage for the strain ranges of interest, the mission cycle life was 
dictated by the major cycle (holdtime) part of the mission. Hence, these re- 
sults were equivalent to the holdtime data curves with an R-ratlo correction 
from R m -1 to R ■ 0, As can be seen from the comparison, Rene *93 In both 
process forms were equivalent and significantly stronger than Inconel 718 over 
a wide range of strain levels. 

6.3.2 First Cylic Crack Growth Life Predictions 

Results of the fatigue crack growth analysis of the advanced turbine 
disk for the assumed simplified mission cycle (Figure S8C) are listed in Table 
XV for the three materials. For comparison, the CCO lives for each portion of 
the mission cycle are shown. The predicted life total (N) is the linearly 
accumulated life. As discussed in the material data section, the holdtime crack 
growth behavior of these three materials was stress level dependent. Accord- 
ingly, the predicted lives for the disks reflect this stress level dependency 
and the CCO lives are shown as a cyclic range when hold times were active. 

For the rim region, the Inconel 718 uppears to have a slight advantage 
over both forms of Rene '95 without the hold time effect. However, when hold 
time is applied, As HIP Rene *93 and Inconel 718 have very long CCO lives. The 
H+F Rene '93 using materials data at the maximum stress level which is closest 
to the disk stress a) so demonstrates very long life. On the other hand, if the 
very conservative approach is taken (using crack growth data for lowest stress 
test data) then H+F Rene '93 is inferior to the other alloys. For meuningful 
comparison, this stress dependency of crack growth needs to be better understood. 

At the rib region, Inconel 718 shows superior CCO lives under all con- 
ditions while the two forms of Rene '95 appear to be essentially equivalent. It 
is believed that this comparison may be misleading as Inconel 718 would never 
be used in a disk with such high stress levels to cause significant gross stress 
field creep and therefore, the predictions are unrealistic as creep deformation 
would be life limiting. The effect of this test stress level dependency on CCO 
lives is shown in Figure 62. The Rene '95 materials demonstrates a gradual in- 
crease in predicted lives with increasing tost stress while Inconel 718 demon- 
strated an abrupt change as gross creep deformation was encountered. These 
improvements with higher test data stresses are a direct result of the crack 
growth threshold enhancement. 

Results of a parametric study of the cyclic crack growth life versus 
stress level of a 0.25 mm x 0.76 mm surface flow in a semi-infinite plate with 
uniform stress field are shown in Figures 63 through 65. From these plots it is 
obvious that lifetime would be very short if any growth was experienced under 
hold time conditions. Increase in life were very abrupt as stress levels were 
decreased and local stress intensities were below the threshold for growth. 

6.3.3 Improved Cyclic Crack Life Prediction 

As discussed in the Methods of Analysis Section, the assumed simplified 
mission cycles based on elastically calculated stresses at constant temperature 
was far too severe for proper alloy comparisons. A more realistic mission pro- 
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Table XV. First Cycle Crack Growth Life Predictions 


Initial ( 0 25 x „ 76 ram) Fatigue Crack, Constant Temperature Cycle at 650Pc (I200°F) 


CYCLES OF CCG PROPAGATION 


Bib Region 

(Max. Stress 181 ksi) 


Bin Region 

(Max. Stress 108 ksi) 


Material 

Alloy 

"o 

Inconel 718 

1 

1507 

HiiF Rene *95 

2 

859 

As~HIP Bene *95 

3 

818 


N 1 

N 2 

M 

5* 

168=10 

15561 

164=15,561 

5—52 

2845 

5—52 

14-156 

2526 

14-139 


N o 

s i 

S 2 

H 

11431 

>10* 

>io 5 

>10* 

7127 

167->10 5 

>10 5 

167->10 5 

@251 

>io 5 

>io s 

>10 5 


M ^ s Major cycle life without hold tine 

H ^ s Major cycle life with hold tine 

S 2 = KLnor cycle life 

$ = Number of Mission Cycles 

♦Excesslve^creep beyond usable oft range of alloy Inconel 718 







650 C 


10=900=10 Seconds Cycle 
.25 x .75 mo Initial Crack 


Test Stress Range 
552 MN/M^/80 ksi 



483 MN/M 2 / 70 ksi 
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Figure 64, Cyclic Crack Growth Life of H*F 


650°C 

10- 9 CO- 10 Seconds Cycle 
.25 x .75 ns Initial Crack 


Test Stress Range: 


621 l&'/M 2 /90 ksi 



552 MS/l^/SO ksi 



10 


kCK GPSMTK LIFE, CYCLES 


Bene ’95 Verpus Stress Range. 





650 C 

10=900=1© Seconds Cycle 
.25 x £ 75 vm Initial Crack 





118 


Table XVI. Total Life Predictions Including Improved CCG Life Predictions. 



Rim Region = 

CCG Analysis 
Conditions : 

668 MPa/97 ksi 

: 650°C 

Alloy 

Material 

CCG Life 
(Mission Cycles) 

!£lMM 

fe Total Life 

1 

Inconel 718 

>io 5 

>io 5 

>10 5 

2 

H&F Rene # 95 

1100->10 5 

>io 5 

>io 5 

3 

As~HXP Rene f 95 

>io 5 

>10 5 

>10® 


Rib Region - 

CCG Analysis 
Conditions : 

Inconel 718 - 

Rene '95 

1075 MPa/15S kzi 
1206 MPa/175 ksi: 

Alloy 

Material 

CCG Life 
(Mission Cycles) 

LCF Life 

(Ni) Total Life 

1 

Inconel 718 

457 

3.150 

3,607 

2 

H&F Rene '95 

908 

48,000 

48,908 

3 

As-HIP Rene *95 

908 

53,000 

53,908 


565°C 
565 °C 



file was tokon for the disk locations. At the rib, the maximum temperature was 
taken at S66°C as being representative. At the rim, the maximum temperature 
(6S0°C) of the hold period was taken to occur at 90% of maximum stress after 
the peak transient stress was encountered. Furthermore, the elastic stresses 
In the rib wore reduced to reflect stress redistribution duo to local yielding, 
(Figuro 80). 

The predicted lives for these refined mission profile are shown in 
Table XVI. At the rim region, the CCG lives for all throe materials wore gener- 
ally vory long and essentially the throe alloys were equivalent. The shortest 
lifetime for tho H+F Rene *99, 1100 cycles, calculated from the data for the 
lowest stross lovol, is not believed to bo relevant since this low stress levol 
was not representative of tho disk stross at this location. Tho CCO livoc at 
the rib location show tho expected superiority of Reno '95 over Inconel 718 since 
Reno'95 does not have any significant hold time effect where a significant hold 
timo effect on Inconel 718 is well established (reference 11). Also, shown in 
Table XVI are tho crack initiation lives from Tabu XIV. No attempt was made to 
recalculate those lives with the revised mission profile conditions us these 
relative ranking would not change with that refinement. In total life (sum 
of tho 1X3 F and CCG lives) the two forms of Reno '98 gave essentially equivalent 
lives and both aro superior to Inconel 718 when realistic mission profile con- 
ditions wore used. 

8.4 Discussion of Predicted Lives Suitability for Design Uao 

It is again emphasised that the mission cycle stress levels were 
approximate, basod on preliminary analysis and that the cyclic life values re- 
ported here do not constitute design life values. 

Of critical importance in tho so loot ton of a material for a turbine 
disk application is its capability to moot burst and creep deformation limits 
in addition to tho cyclic life requirements. Indicators of a materials poten- 
tial to moot those requirements are the tensile ultimate strength and the 0.2% 
creep strength * respectively. As shown in Figure 66* a comparison of these 
properties for the three alloys evaluated in this program* is presenter!. The 
properties for As-litP and MiF Reno '95 are essentially equal and a single curve 
is presented for both processing forms of this alloy. From this comparison* it 
is quite obvious that Rene '95 has a significant advantage over Inconel 718 in 
both burst and creep deformation. In fact* Inconel 718 does not possess suf- 
ficient burst margin and creep strength for the advanced disk design considered 
and therefore comparison of its predicted cyclic life capabilities with that of 
Reno’95 is of no direct implication on disk material selection. 

6.4.1 Direct Comparison of Rene ’95 and Inconel 718 

There are several subtle distinctions necessary in assessing the com- 
parison of the two alloys in this program. To the extent that Rene ’95 was being 
considered as a substitute material for Inconel 718 in a predefined stress field 
at 650°C* tho direct comparison attempted in this study is valid. That is* 
superior capability of Rone ’95 at this temperature would indeed indicate that it 
was the better material for this application. On the other hand* if one were 
seeking a comparison of the two alloys in terms of their respective capabilities 
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Comparison of Tensile and Creep Behavior of 
Bisk Alloys. 




under normalized conditions, wherein both alloys were tested at their res- 
pective yield points for example, tho comparisons in this study would be in- 
valid. Analyses that would evaluate the alloys at the same relative point 
(stress and temperature) within their range of use would provide a "fairer" 
comparison on this basis. 

Xt Is also important to note that In Table XVI for example, the 
localized (plastic) stresses are different for Reno '95 and Inconel 718 because 
of the different strain hardening characteristics. These stress differences 
Impact on the GCG life differences above and beyond the actual CCG material data. 
If these stress adjustments were applied to the LCF crack initiation lives 
Rene '95 would have a slightly greater total life advantage. ’’ 

t>»4.2 Threshold and Toughness Stress Intensity Factors 

The available crack growth data from, this program were restricted to a 
region between approximately 10” 8 and 10“ 5 meters/cycle. This is typical for 
this type of data generation program and is necessitated by the need for a 
special testing procedure at the two extremes that is costly and time consuming. 
To facilitate life predictions, CCGR curves (per the model discussed in Appendix 
C) were regression fitted to the available data. Threslihold (k*) and cyclio 
toughness (k o ) stress intensities were assumed on the basis of lowest standard 
error and observation of the fracture surface. In this program, curve fits were 
obtained that closely follow the data generated but required, in some cases, 
substantial extrapolation into the threshold region. In general, the precision 
of these values is of minor importance since: 1) for practical crack sizes 
(>.25 mm) and typical elastically calculated stresses (700-1400 MPa) initial 
stress intensities are well above tho threshold; and 2) only a small fraction of 
the cyclic life remains once k reaches the vicinity of tho cyclic toughness. 
However, for the 15-minute hold time tests conducted here, the threshold regions 
have an important impact. For this case, because of the test lovol dependency 
of tho cyclic crack growth data, the extremely steep slope, and the relatively 
high k* value, and subtle stress (stress intensity) changes in the region of the 
threshold have substantial influence on life prediction. Tho effect of the 
test stress level dependency is illustrated by the N results in the rib region, 
Table XV, where Inconel 718 has infinite life capability predicted at high test 
data stresses while at lower tost data stresses the life is 168 cycles. This is 
the results of the rim region stress intensity threshold for crack growth going 
from 35 to 19 MPa m (Appendix E) with test stress level. Similar effects are 
seen in crack growth predictions of Rene '95. This type of phenomenon will de- 
mand a more precise definition of k* for accurate life assessment. Since life 
prediction is very dependent on these limits, particularly the threshhold stress 
intensity, any conclusion from this work must be highly qualified until a more 
precise definition of a normalizing stress intensity is developed. It is un- 
likely that a quantitative understanding of the stross dependency will be avail- 
able in the near term. In any case, it should be remembered that CCG predic- 
tions in the very short and very long life regimes are not precise and this 
situation is further complicated by stress level dependency of the crack growth 
data. The impact of these extreme k values on crack growth is very obvious in 
Figures 63 through 65. 

For generalized comparisons of the cyclic crack growth behavior and 
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000 imlym at W0°C, it la iUf|Mt«d that tha crack growth behavior at tho 
maximum test stress data he used as the remote stress fields in turbine disks 
are usually higher than those used to generate the data. Further, it is sug- 
gested that test data which were generated where gross creep deformation was 
experienced (Inconel 718 at Q80°F) not he used for disk OCG life predictions 
since such conditions are outside of good disk design practice. When slgnlfi* 
cant gross creep Is encountered, inadequate deformation and hurst margins would 
exist. Accordingly, Inconel 718 is unsuited for application in this advanced 
disk design and Inconel 718 would not meet the ICF and CCG lives predicted in 
actual hardware. Therefore, both forms of Hone '93 have even a greater life 
advantage than indicated in Table XVI. Furthermore, it should be recognised 
that for engine operation, complex mission cycles interaction may alloviate 
the apparent beneficial effect observed for the hold time crack growth data, 
since intermediate continuous cycling may resharpen the blunted cracks and thus 
result in continued rapid growth. For these reasons, the interpretation of tho 
CCG life predictions should not be taken ns representative of actual component 
lives but rather as a relative comparison only. 
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7.0 


CONCLUSIONS 


1. The comparison of materials for turbine disk application is very 
dependent on the specific service conditions and locations on the component. 
For the advanced turbine disk selected for study in this program, Rene "95, in 
both the HIP and Forged and the As-HIP condition, had essentially equal cyclic 
life capability and both were superior to Inconel 718. At the life limiting 
location where the temperature was S66°C, the superiority was noted both in 
the cycles to crack initiation and to crack propagation. 

2. Since slaw cyclic crack growth behavior of all three materials 
with hold times was shown to bo dependent on the remote test stress, the sin- 
gularity of the stress intensity value to normalize the data was not valid. 
Accordingly, any conclusions from the cyclic crack growth predictions using 
linear elastic fracture mechanics must be highly qualified until a more precise 
definition of normalizing stress Intensity is developed. 

3. At the isothermal 650°C ( temperature of this program's tests the 
comparison of the alloys by properties were: 

a. In general, H&F Rene '03 was superior in continuously cycled 
1£F, followed by As-HIP Rene '95 and then Inconel 718. For 
short lifetimes, (less than 1000 cycles), Inconel 718 was 
superior in strain cycled LCF. 

b. Under 15 minutes tension hold time conditions, both forms 
of Rene '95 have virtually the same LCF behavior while In- 
conel 718 was significantly inferior. Hold time reduced 
Inconel 718 1CF capacity to the highest degree, As-HIP Rene '95 
to a lesser degree and had only minor effects on H&F Rene '95. 

c. IncontlnuouH cycling crack growth tests, both forms of Rene '95 
had equivalent crack growth behavior and both were inferior 

to Inconel 718 in this respect. 

d. Crack growth under hold time conditions of these materials 
demonstrated a test stress level dependence, an enhanced 
threshold for crack growth, and a highly accelerated crack 
growth behavior once the threshold was exceeded. With this 
stress dependency comparisons between alloys is of doubtful 
meaning. However, in general, Inconel 718 appeared to have 
the highest crack growth resistance, followed closely by As- 
HIP Rene '95 and then H&F Rene '95. But, as Inconel 718 does 
not possess sufficient tensile and creep strength for the disk 
design considered, this apparent advantage of Inconel 718 in 
CCG life may be of academic interest only. 

4. The Ostegren Hysteresis Loop Energy approach was reasonably 
accurate in correlating the continuously cycled and hold time 
low cycle fatigue crack initiation results. 
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5. Small Inc lun ions and pores were frequently the initiation sites for 
crook initiation in the powder metallurgy Rene '95. Scatter in the 
LCF results indicated some correlation with the location and size 
of these anomalies. 
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8*0 Appendixes 


APPENDIX A 


PLOTS OF LOAD VS, CYCLES FOR SIRA IN CONTROLLED 
LCF TESTS 



INCONEL 718 


A] Continuous Cycling - 0*33 Hz (20 cpm) Touts 


Spec. 

ID 

Ae t 

Cycles 

4 

.657 

138165 ■* 

1 

.735 

32516 

5 

.706 

21928 

9 

.859 

5437 

79 

1.329 

1027 

2 

,885 

4556 

6 

1.039 

2530 

7 

.673 

166759 


*♦ Run Out - test discontinued. 
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LOAD RANGE - NEWTON'S X 





3DNW oven 



Specimen 9 
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LOAD RANGE - POUNDS X lO 









CYCLES x 10-3 


SPECIMEN 2 
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SPECIMEN 6 
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Specimen 7 




INCONEL 718 


B] 15 Minute Hold Time at Maximum Tensile Strain Tests 


Spec 

IB 

Ae. 

z 

Cycles 

3 

1.329 

128 

8 

1.342 

162 

10 

0.77 

2838 

78 

0.77 

7653 


Peak Load Range - Newtons X 10 



Specimen 3 
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Peak Load Range - Newtons X 10 
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HIP AND FORGED RBNE »95 


A] Continuous Cycling - 0.33 Hz (20 cpra) Tests 


Specimen 10 

a e t 

N f Cycles 

II-7 

1.210 

1,232 

11-16 

1.068 

4,454 

1 1-2 

0.962 

9,292 

n-e 

1.010 

10,680 

1 1-5 

0.986 

14,827 

1 1-8 

0.920 

16,963 

11-14 

0.921 

96,205 


140 



suo 


ORIGINAL PAGE)® 
OF POOR QUALITY 
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SPECIMEN 11-6 









«at fl! 





HIP AND FORGED RENE '95 


B] 15 Minute Hold Time at Maximum Tensile Strain Tests 


Spec. 

ID 

A e t 

Cycfes 

NII-9 

1.276 

446 

NII-10 

1.275 

543 

NII-11 

1.007 

701 

MIX-12 

1.023 

3547 

NII-1 

0.957 

5163 







































AS-HXP RENE *95 


A] Continuous Cycling - 0.33 Hz (20 cpm) Tests 


Specimen 

XD 

Ae t 

Cycfes 

8-1 

1.255 

967 

7-3 

1.004 

3073 

6-2 

0.882 

6200 

6-1 

0.830 

30277 

9-3 

0.898 

31356 

6-3 

0.793 

74986 
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Load ^“ge - Newtons X l<f 











I*>ad Range - Newtons X 10 














Load! Range - Newtons X 10 



<e 









10 15 20 25 30 35 40 45 50 55 60 

Cycles X 10" s 


Specimen 6=3 




AS-HIP RENE *95 


B] IS Minute Hold Time at Maximum Tensile Strain Tests 


Specimen l.B. 

A e t 

N f Cycles 

9-1 

1.288 

615 

8-2 

1.274 

798 

9-2 

0.896 

6; 200 

5-2 

0.911 

10,000 -* ! 


R.O. = Run Out 
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Peak Load Range - Newtons X 10 
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APPENDIX D 


CYCLIC CRACK GROWTH RATE (CCQR) TEST 
DATA FOR THE 3 ALLOYS 



Si 

Si 


Table B-l. Cyclic Crack Growth Rate (CCGR) for Inconel 718 Alloy 1 as a Function of Depth 
Measurement (A a /%) , 650° C (1200° F), Aq = 0*95, 0*33 Hz (20 cpm) . 





Stress 

Initial 

Aa/^N 


A 

K 

A 

K 


Specimen 

Stress 

Crack 



ksi (in) 


Number 

MPa 

(ksi) 

min 

m /Cycle 

(in/Cycle) 

MPa (m) 


3 

620.5 

(90) 

1.5 

8.89 X 10 

(3.50 x 10“®) 

22.3 

20.3 





xG.6 

3.66 X 10 =7 

(1.44 X 10 = ®) 

29.5 

26.9 






6.91 X 10 =7 

(2.72 X 10) 

36.5 

33.2 






1.35 X 10 6 

(5.33 X Kf®) 

43.4 

39.5 






2.08 X 10 s 

(8.21 X 10 J 

48.5 

44.1 






2.6? X 10 _S 

(1.05 x 10" 4 ) 

53.8 

49.0 






3.22 X 10 6 

(1.27 X 10 = ) 

60.4 

55.0 


4 

482.6 

(70) 

1.5 

9.14 X 10 =e 

(3.60 x io~ s ) 

23.7 

21.6 





x0.6 

3.94 X 10~ 7 

(1.55 x 10“!) 

30.0 

27.3 






1.36 X 10" 6 

(5.37 X 10“ ) 

38.8 

35.3 






1.92 X 10~ 6 

(7.56 X 10“ ) 

42.2 

38.4 

c 

*2^ >*- 





2.56 X lo“® 

(1.01 x io~ 4 ) 

47.4 

43.1 


9 

482.6 

(70) 

1.5 

4.34 X 10“® 

(1.71 x io“ s ) 

16.8 

15.3 

$, ”0 




xO, 5 

1.39 X 10“ 7 
2.77 X 10" 7 
5.49 X 10" 

(5.49 x 10"®) 
(1.09 x 10“ ) 
(2.16 x io“ s ) 

21.5 

27.4 

31.8 

19.6 

24.9 

28.9 

£ O 
*1 © 





8.28 X 10 

(3.26 x io~ s ) 

35.8 

32.6 





1.25 X 10“® 

(4.92 X 10 _s ) 

41.0 

37.3 





1.66 X 10“ 6 

(6.54 X 10“®) 

47.9 

43.6 






2.56 X io =s 

(1.01 X 10 ) 

57.5 

52.3 
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Table B-l. Cyclic Crack Growth Rate (CCGR) for Inconel 718 Alloy 1 as a Function of Depth 
Measurement (A a / A^j) , 649° C (1200° F) , Aq = 0.95, 0.33 Hz (20 cpm) (Concluded) . 





Initial 



Specimen 

Stress 

Stress 

Crack 


Aa/ A N 

Number 

MPa 

(ksi) 

mm 

m/Cycle 

2 

482.6 

(70) 

1.5 

3.05 

x io“ 8 




x0.7 

4.16 

x io” e 





5.99 

X 10°® 





8.13 

x io =e 





l.Ol 

X 10 =7 





1.27 

x io -7 





1.64 

x io“ 7 





1.97 

x io“ 7 





2.43 

X io“ 7 





2.92 

X 10 


( in/Cycle ) 

MPa (m)^ 

ksi (in)^ 

(1.20 X 10~®) 

16.3 

(14.8) 

(1.64 X 10“®) 

16.4 

(14.9) 

(2.36 X lo“®) 

17.6 

(16.0) 

(3.20 X 10“®) 

18.7 

(17.0) 

(3.99 X icf®> 

19.9 

(18.1) 

(4.99 X 10^) 

21.1 

(19*2) 

(6.45 X 10 ) 

22.5 

(20.5) 

(7.75 X lo“®) 

23.3 

(21.2) 

(9.58 X 10“*) 

24.1 

(21.9) 

(1.15 X io ) 

25.4 

(23.1) 


IS 

32 

II 

3® 

BS 
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Table B-2. 


Cyclic Crack Growth Rate (CCGR) for Inconel 718 Alloy 1 
(1200° F), with a 15-Minute Hold Time at Maximum Tensile 


Data Generated at 650° 
Stress Using A„ = 0.95 


C 


Specimen 

Number 


Initial 

Stress Stress Crack 

MPa (ksi) mm 


da/dn 

m/Cycle (in/Cycle) 


1-2 


1-4 


482.6 (70) 1.8 

x 0.5 


551,6 (80) 4.9 

x 2'. 4 . 


4.68 X 

io" e 

(1.84 X 

10 *) 

3.81 X 

io“ 7 

(1.50 X 

10 ~ B ) 

6.83 X 

io” 7 

(2.69 X 

10 -s ) 

8.23 X 

io” 7 

(3.24 X 

10 =S ) 

8.50 X 

10~ 7 

(3.35 X 

10 ~ s ) 

8.91 X 

io -7 

(3.51 X 

10 " S ) 

9.50 X 

io“ 7 

(3.74 X 

10 ~ S ) 

1.55 X 

io -6 

(6.09 X 

io" 5 ) 

2.90 X 

10* 

(1.14 X 

10 "-) 

3.81 X 

10 ** 

(1.50 X 

10 ~ 4 ) 

4.90 X 

10 “* 

(1.93 X 

io" 4 ) 

6.71 X 

10°* 

(2.64 X 

io" 4 ) 

8.71 X 

10* 

(3.43 X 

io" 4 ) 

1.48 X 

10* 

(5.81 X 

io- 4 ) 

4.57 X 

10 ~ S 

(1.80 X 

10 ) 

7.80 X 

10 ~ S 

(3.07 X 

10 _£ ) 

8.89 X 

lo* 

(3.50 X 

10 **) 

1.52 X 

io“ 7 

(6.00 X 

10*) 

3.68 X 

io~ 7 

(1.45 X 

10*) 

5.97 X 

io“ 7 

(2.35 X 

10*) 

1.82 X 

10* 

(7.15 X 

10*) 

2.41 X 

io r* 

(9.49 X 

10*) 

3.96 X 

10 “* 

(1.56 X 

10 =4 ) 

5.94 X 

10* 

(2. ,34 X 

io” 4 ) 

9.91 X 

10* 

(3.90 X 

IO" 4 ) 

2.15 X 

10* 

(8.47 X 

io“ 4 ) 

3.15 X 

10* 

(1.22 X 

io" 8 ) 


MPa /m 

ksi /in 

20.68 

(18.83) 

22.01 

(20.05) 

23.59 

(21.48) 

25.09 

(22.85) 

26.44 

(24.08) 

27.66 

(25.20) 

29.29 

(26.68) 

30.61 

(27.88) 

33.48 

(30.49) 

34.74 

(31.64) 

36.26 

(33.02) 

37.94 

(34.55) 

40.15 

(36.57) 

42.35 

(38.57) 

45.08 

(41.06) 

51.41 

(46.83) 

35.49 

(32.30) 

35.79 

(32.57) 

36.30 

(33.13) 

37.10 

(33.76) 

38.74 

(35.25) 

40.60 

(36.95) 

42.42 

(38.60) 

44.28 

(40.30) 

46.13 

(41.98) 

48.06 

(43.74) 

50.24 

(45.72) 
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Table B~2 


<S£ InCO,, ' el 178 Allo >' 1 *>« Generated at 650” c 

(Concluded) H ° ld Tx,ne at Max1 "™ Stress Using A„ - 0.95 


Specimen 

Stress 

Stress 

Initial 

Crack 

da/dn 

Number 

MPa 

(ksi) 

mm 

m/Cycle 
4.68 X 10" 8 

1=3 

517 

(75) 

2.8 




x2.0 

2.24 X 10"’ 
3.30 X 10"3 
4.09 X 10"’ 
4.80 X 10"’ 
5.26 X lO"’ 
5.87 X 10"’ 
6.15 X 10"’ 


(in/Cycle) 

(1.83 X kT 6 ) 
(8.83 X 10 =e ) 
(1.30 X 10" S ) 
(1.61 X 10 =S ) 
(1.89 X 10~ S ) 
(2.07 X 10 =S ) 
(2.31 X 10 =S ) 
(2.42 X 10“ S ) 


A 

K 


MPa/Vm 

ksi / in 

22.67 

(20.63) 

22.91 

(20.85) 

23.17 

(21.08) 

23.48 

(21.37) 

24.07 

(21.90) 

24.86 

(22.62) 

25.56 

(23.26) 

25.56 

(23.26) 
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Table B-3. Cyclic Crack Growth Rate (CCGR) for HIP + Forged Rene 95 Data Generated at 650° C 
(1200° F) and 0.33 Hz (20 cpm) Using A a - 0.95. 


Initial 


Specimen 

Stress 

Stress 

Crack 

Aa/AN 


A 

K 

A 

K 

Number 

MPa 

(ksi) 

mm 

m/Cycle 

(in/Cycle) 
(5 X 10®) 

MPa /a 
17.8 

ksi /in. 
(16.2) 

5B 

414 

(60) 

1.5 

x0.8 

1.3 X 10" 7 




2.5 X 10 7 

(1 X 10 S ) 

21.3 

(19.4) 





5.1 X 10 7 

(2 X 10 S ) 

25.6 

(23.3) 





7.9 X 10 7 

(3.1 X 10 5 ) 

28.9 

(26.3) 





1.2 X 10*® 

(4.6 X 10” S ) 

34.6 

(31.5) 





2.0 X 10® 

(7.8 X 10 =S ) 

43.5 

(39.6) 





2.5 X 10® 

(9.7 X 10®) 

46.8 

(42.6) 

4B 

414 

(60) 

1. 5 

5.3 X 10**® 

(2.1 X 10*®) 

14.9 

(13.58) 




x0.7 

7.6 X 10 8 

(3 X 10*®) 

16.2 

(14.70) 





8.6 X 10 8 

(2.4 X 10“®) 

17.3 

(15.75) 





1.9 X 10 7 

(7.5 X 10 6 ) 

19.3 

(17.54) 





2.54 X 10 7 
3.05 X 10~ 7 

(1 X 10®) 
(1.2 X 10®) 

21.1 

22.8 

(19.21) 
( 20.79) 





3.3 X 10" 7 

(1.3 X 10®) 

24.7 

(22.51) 





3.6 X 10 7 

(1.4 X 10 =S ) 

26.5 

(24.12) 





4.1 X 10 7 

(1.6 X 10®) 

28.4 

(25.84) 

6B 

448 

(65) 

1.5 

1.5 X 10~ 7 

(5.8 X 10*®) 

19.1 

(17.37) 




xO. 6 

2.2 X 10" 7 
3.1 X 10' 7 

3.6 X 10~ 7 

4.6 X 10~ 7 
5.8 X 10 =7 
9.4 X 10~ 7 

(8.7 X 10*®) 
(1.2 X 10®) 
(1.4 X 10®) 
(1.8 X 10®) 
(2.3 X 10®) 
(3.7 X 10®) 

21.1 

23.1 
24.6 
27.5 
31.4 

35.1 

(19.21) 

(21.02) 

(22.41) 

(25.02) 

(28.53) 

(31.97) 





1.3 X 10* 

(5.1 X 10®) 

40.0 

(36.30) 





2.5 X 10” 6 

(9.8 X 10®) 

46.0 

(41.86) 



TIT 


Table B- 


Speciznen 

Number 



Cyclic Crack Growth Rate (CCGR) for HIP + Forged Rene 95 Gr ated at 650° C 

(1200° r ) am. C.33 Hz (20 cpm) Using A<j = 0.95 (Concluded). 


Stress 

Stress 

Initial 

Crack 



Aa/AN 



A 

K 

A 

K 

ksi / in, 

MPa 

(ksi) 

mm 

m/Cycle 

(in/Cycle) 

MPa /m 

552 

(80) 

1.5 

1.8 

X 

io~ 7 

(7.0 X 

10^) 

23.1 

(21.0) 

xO ^ 

2.2 

X 

10" 7 

(9.0 X 

ioT 5 ) 

23.5 

(21.4) 




2.7 

X 

10“ 7 

(2.1 X 

10“®) 

30 8 

(28.0) 




5.3 

X 

10" 7 

(2.1 X 

10~ s ) 

30.8 

(28.0) 




8.1 

X 

10” 7 

(3.2 X 

10“®) 

34.5 

(31.4) 




1.3 

X 

io“® 

(5.2 X 

io“ s ) 

38.7 

(35.2) 




1.8 

X 

io“® 

(7.1 X 

io“ s ) 

40.8 

(37.1) 




2.5 

X 

lO^ 5 

(9.8 X 

io“ s ) 

45.7 

(41.6) 




3.0 

X 

10“* 

(1.2 X 

io~ 4 ) 

46.8 

(42.6) 




3.6 

X 

10“ 6 

(1.4 X 

io~ 4 ) 

50.2 

(45.7) 
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Table 

B-4. Cyclic 

Crack Growth Rate 

(CCGR) 

for HI? 4- Forged Rene 95 

Data Generated < 

at 

650° C 


(1200° 

F) , with 

a 15 -Minute Hold 

l Time in 

Maximum Tensile 

Stress Using A<j 

=s 

0.95. 




Initial 






4 


Specimen 

Stress 

Stress 

Crack 



da/dn 



K 


Number 

MPa 

(ksi) 

mm 

m/Cycles 

(in/Cycle) 

MPa </m 


ksi /in 

11-1 

448.2 

(65) 

2.16 

2.67 

X 

io” 6 

(1.50 X 10“ 4 ) 

18.53 


(16.86) 




xl.24 

1.61 

X 

10 =S 

(6.35 X 10~ 4 ) 

19.54 


(17.78) 





2.69 

X 

10" S 

(1.06 X IO -3 ) 

20.85 


(18.97) 





3.56 

X 

10 =s 

(1.40 X 10 =3 ) 

22.04 


(20.06) 





4.57 

X 

10“ 6 

(1.80 X 10~ 3 ) 

24.35 


(22.16) 





6.35 

V 

io” s 

(2.50 X IO -3 ) 

29.09 


(26.47) 

11=3 

448.2 

(65) 

2.57 

7.37 

X 

io -6 

(2.9 X 10~ 4 ) 

19.59 


(17.83) 




xl.27 

1.42 

X 

io“ s 

(5.6 X 10~ 4 ) 

22.13 


(20.14) 





2.11 

X 

io” s 

(8.3 X 10~ 4 ) 

24.26 


(22.08) 





3.05 

X 

10 _S 

(1.2 X 10“ 3 ) 

25.77 


(23.45) 





3.81 

X 

io" 5 

(1.5 X 10“ S ) 

27.34 


(24.88) 





4.98 

X 

10~ S 

(1.96 X 10~ 3 ) 

29.15 


(26.53) 





6.10 

X 

io =£ 

(2.4 X IO -3 ) 

30.95 


(28.17) 





7.11 

X 

io“ s 

(2.8 X IO -3 ) 

32.87 


(29.91) 





8.64 

X 

10“ S 

(3.4 X 10" 3 ) 

34.05 


(30.99) 





1.17 

X 

10“ 4 

(4.6 X IO -3 ) 

35.72 


(32.51) 
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Table B-4„ Cyclic Crack Growth Kate (CCGR) for HIP + Forged Rene 95 Data Generated at 650° C 
(1200° F) 9 with a 15-Minute Hold Time in Maximum Tensile Stress Using Aq = 0*95 
(Concluded) . 





Initial 










Specimen 

Stress 

Stress 

Crack 



da/dn 





A 

K 


Number 

MPa 

(ksi) 

mm 

m/Cycles 

(in/Cycle) 

MPa /m 


ksi / in 

II“2 

55.6 

(80) 

3.23 

1.69 

X 

10 =8 

(6.67 

X 

10’ 4 

29.96 


(24.53) 




xl.52 

2.62 

X 

io’ 5 

(1.03 

X 

io’ 3 ) 

29.60 


(26.94) 





4.52 

X 

10’ 8 

(1.78 

X 

io’ 3 ) 

36.25 


(32.99) 





5.79 

X 

io ” 8 

(2.28 

X 

io’ 3 ) 

40.67 


(37.01) 





8.19 

X 

IO -8 

(3.22 

X 

io“ 3 ) 

44.86 


(40.82) 





1.25 

X 

io“ 4 

(4.91 

X 

io" 3 ) 

46.87 


(42.65) 





1.70 

>: 

io“ 4 

(6.71 

X 

10 =3 ) 

49.86 


(45.37) 

IX-4 

551.6 

(80) 

2.16 

7.16 

X 

10™ 8 

(2.82 

X 

10“®) 

22.22 


(20.22) 




xO. 91 

2.28 

X 

10 =7 

(8.97 

X 

kT 6 ) 

22.81 


(20.76) 





2.44 

X 

10’’ 

(9.61 

X 

io^) 

23.45 


(21.34) 





3.51 

X 

io’ 7 

(1.38 

X 

io’ 8 ) 

23.94 


(21.79) 

1 1 1-4 

620.5 

(90) 

2.72 

1.14 

X 

io" 8 

(4.50 

X 

io’ 8 ) 

28.34 


(25.79) 




xl.24 

3.63 

X 

10“® 

(1.43 

X 

io’ 4 ) 

29.34 


(26.70) 





7.37 

X 

io“® 

(2.90 

X 

io’ 4 ) 

31.24 


(28.43) 





1.95 

X 

io ’ 8 

(7.28 

X 

io -4 ) 

33.52 


(30.50) 





9.40 

X 

io’ 6 

(3.70 

X 

io" 3 ) 

49.22 


(44.79) 


*Step Loaded from P0 to 90 ksi. 
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Table B- 

Specimen 

Number 

10-2 


4—4 


12-1 


Cyclic Crack Growth Rate (CCGR) for As-HTP Reno o? n .. „ 

and 0.33 Hz (20 cpm) Using ^ = 0.95 HI? * 95 ° Generated at 650° C (1200° 


F) 


Initial 


Temp 

Stress 

Stress 

Crack 

3 

( F ) 

MPa 

(ksi) 

mm 

650 

1200 

620.3 

(90) 

1.5 

x0„6 


650 1200 457.8 (66.4) 1.5 

x0. 5 



1.63 X 10" 
3.28 x 10 " 7 

1.88 X 10*® 
2.87 X io“® 
3.76 x 10" 6 
4.83 x 10” 6 
5.79 x 10*® 


1.38 x io “ 7 
1.82 x io* 7 
3.56 X io * 7 
4.44 X 10* 7 
5.84 X 10* 7 


1.15 X 10*® 
2.77 X 10*® 



(6.42 X 10*“) 
(1.29 X 10* S ) 
(7-39 X 10* S ) 
(1.13 X 10* 4 ) 
(1.48 X 10* 4 ) 
(1.90 X io* 4 ) 
(2.28 X 10* 4 ) 


(5.42 X 10*®) 
(7.17 X 10*®) 
(1.40 X 10* S ) 
(1.75 X io* s ) 
(2.30 X 10* S ) 
(4.52 X iO* 8 ) 
(1.09 X io“ 4 ) 


650 1200 436.4 


(63.3) 1.5 

x0.5 


7.19 X 10*® 
1.61 x 10* 7 

2.43 X 10* 7 
4.42 X 10* 7 

7.44 X 10* 7 

8.94 x io “ 7 

1.44 X IO*® 
1.67 X 10*® 
3.00 X 10*® 
6.38 X 10*® 


(2.83 X 10*®) 

( 6.33 X 10“®) 

(9.50 X 10*®) 
(1.74 X 10*®) 

( 2.93 X io* s ) 

(3.52 X IO*®) 
(5.67 X IO*®) 
(6.56 X IO*®) 
(1.18 X 10* 4 ) 
(2.51 X 10* 4 ) 


A 

K 


MPa (m) % 

(ksi (in) 

22.3 

(20.3) 

32.1 

(29.2) 

38.9 

(35.4) 

43.3 

(39.4) 

46.9 

(42.7) 

50.9 

(46.3) 

58.0 

(52.8) 

16.4 

(14.9) 

18.8 

(17.1) 

21.9 

(19.9) 

26.8 

(24.4) 

32.3 

(29.4) 

38.2 

(34.8) 

45.9 

(41.8) 

14 

(12.7) 

17.5 

(15.9) 

21.5 

(19.6) 

26.1 

(23.7) 

29.1 

(26.5) 

32.2 

(29.3) 

35.5 

(32.3) 

39.8 

(36.2) 

43.9 

(40.0) 

50.4 

(45.8) 
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Table B-5. 


Cyclic Crack Growth Rate (CCGR) for As-HIP Ren£ 95 
and 0.33 Hz (20cpm) Using =0.95 (Concluded). 


Data Generated at 650° 


C (1200° F) 


Specimen 

Number 

Temp 

o o 

0 F 

Stress 
MPa Cksi) 

Initial 

Crack Aa/Atf 

mm m/Cycle (in/Cvcle) 

K 

MPa (m)^ 

(tesi (ini^ 

2-3 

650 1200 

552 (80) 

i-5 2.7 x io“ 7 

xO.5 

(1.06 x io~ s ) 

23.8 

21.7 




4.2 X 10" 

(1.65 x io" s ) 

26.3 

23.9 




5.5 X lcf 7 

(2.15 X 10~ S ) 

28.5 

25.9 




7.06 x lcf 7 

(2.78 X 10" S ) 

30.3 

27.6 




8.2 X 10“ 7 

(3.21 X iO =S ) 

32.2 

29.3 




9.9 X lo“ 7 

(3.92 x io“ s ) 

34.2 

31.1 




1.13 x 10“® 

(4.45 X 10 =S ) 

35.8 

32.6 




1.32 x io“® 

(5.21 x 10“*) 

38.2 

34.8 




1.8 X 10”* 

(7.28 x io" s ) 

45.9 

41.8 




3.6 X l<f® 

(1.42 X 10" 4 ) 

54.6 

49.7 




1.7 x i<T s 

(S.82 x io“ 4 ) 

62.2 

56.6 
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Table B-6. Cyclic Crack Growth Rate (CCGR) for As-HIP Ren€ 95 Data Generated at 650° C (1200° F), 
with a 15-Minute Hold Time at Maximum Tensile Stress Using Ag = 0.95. 


Specimen 

Number 

Stress 

MPa 

Stress 

(ksi) 

Initial 

Crack 

mm 

da/'dn 

m/Cycle 

in/Cycle 

MPa /m 

A 

K 

ksi /in 

10=3 

413.6 

(60) 

5.00 

5.08 

X 

10 s 

2.00 X 

10 =4 

25.53 

23.23 




x2 o 03 

8.89 

X 

io” £ 

3.50 X 

io ~ 4 

26.64 

24.25 





1.33 

X 

io" B 

5.25 X 

io ~ 4 

28.13 

25.60 





2.26 

X 

io" E 

8.90 X 

io ' 4 

30.40 

27.66 





4.06 

X 

10“ S 

1.60 X 

10 =3 

34.23 

31.15 

4=2 

620.5 

(90) 

1 o 63 

8.76 

X 

10 _S 

3.45 X 

io “ 7 

21.14 

19.24 




x0.53 

3.07 

X 

io~ e 

1.21 X 

10“® 

21.37 

19.45 





2.67 

X 

io “ 7 

1.05 X 

10 =S 

23.20 

21.11 





3.42 

X 

10 =? 

1.34 X 

10 =S 

24.21 

22.03 





6.41 

X 

10" 7 

2.52 X 

io“ b 

25.91 

23.58 





8.65 

X 

io ~ 7 

3.41 X 

io -6 

26.56 

24.17 





1.40 

X 

10"® 

5.52 X 

10 =s 

27.42 

24.*5 





2.61 

X 

10" 6 

1.03 X 

10 =4 

28.49 

25.93 





4.92 

X 

10* 

1.94 X 

10 =4 

30.01 

27.31 





7.01 

X 

10 ^ 

2.76 X 

10 =4 

31.70 

28.85 





2.26 

X 

io “ 5 

8.92 X 

10 =4 

32.59 

29.66 





2.70 

X 

io " 5 

1.06 X 

10 =S 

35.46 

32.27 





3.57 

X 

io“ s 

1.40 X 

io “ 2 

38.21 

34.77 





6.03 

X 

10 =S 

2.83 X 

10" 3 

39.38 

35.84 
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Table B-6. Cyclic Crack Growth Rate (CCGR) ior As-HIP Rend 95 Data Generated at 650° C (1200° F), 
with a 15-Minute Hold Time at Maximum Tensile Stress Using Aq = 0.95 (Concluded) . 




Initial 






A 

Specimen 

Stress 

Stress Crack 



da/dn 



£ 

Number 

MPa 

(ksi) mm 

m/Cycle 

in/Cycle 

MPa t/m 

ksi ftn 

12-3 

551.6 

(80) 2.03 

2.03 

X 

10" 8 

8.10 =7 

21.36 

19.44 



x0.8 

2.69 

X 

10 =? 

1.06 X 10 =6 

23.58 

21.46 




4.11 

X 

io“ 7 

1.62 X 10“ s 

25.03 

22.78 




6.60 

X 

io“ 7 

2.60 X 10 =S 

26.58 

24.19 




9.47 

X 

10“ 7 

3.73 X lo“ B 

28.44 

25.88 




1.47 

X 

lO^ 6 

5.79 X 10“® 

30.57 

27.82 




3.61 

X 

10*' 6 

1.42 X 10° 4 

32.65 

29.71 




4.06 

X 

10^ 

1.60 X 10 =4 

34.68 

31.56 




1.18 

X 

10 =S 

4.66 X 10~ 4 

38.74 

35.25 




5.08 

X 

io” s 

2.0 X 10" 3 

42.90 

39.04 



APPENDIX C 


CYCLIC CRACK GROWTH RATE CURVE - CURVE PITTING PARAMETERS 


Comparisons of data on IN718 and Rene ’95 have been made using the six parameter 

formulation, described in Appendix C. The six parameter sigmoidal expression 

seems especially useful for this^study since the inclusion of the asymptotic 

values of k, k* (threshold) and K c (critical stress intensity) may prove useful 

in assessing relative material capability. The 1C* and K values may be more 

clearly related to metallurgical parameters than intermediate values of K, and 

the six parameter formulation permits development of empirically fit curves 

based on changes in K* and k only. 

c 

The general Influence on the da/dn curve shape of each constant is depicted 
schematically in Figure C-l. Recall: 

da + e B (^/K*) P . l n (K/K*) Q In (K/&) • D 

dn 

or: 

In (da/dn) = 3 +P (InK - InlJ*) + Q [in (InK - lnft*)] + D[ln(lnK - InK)] 

c 

or: 

Y = B + P (x-x Q ) + Q • ln (x-x Q ) + D • ln(x^ -x) 

where: 

Y = da/dN 
X = InK 


X 0 = InK* 



A standard CCGR curve is shown in Figure C-1A. In Figure C-1B contributions of 
the D and Q terms are shown to influence primarily the curvature of the upper 
and lower ends of the curve allowing for extreme "non- symmetric " cases. Figure 
C-1C shows that B and P generally permit translation of the inflection point 
with B in particular contributing a purely upward or downward shift. Hence, 
while allowing extensive curve fitting flexibility the constants have fundamental 
relations to the overall curve shape changes that should prove useful in relating 
their variability to microstructure/metallurgical variability. 

A summary of the curve fitting constants obtained for the data in this contract 
is given in Table C-l. A comparison between actual data and the computer fit 
curve are provided as Figures 45 through 50 of the main body of this report. 

The sigmoidal equation is: 
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In K Q In Ifc D 

K* * K 


Aa 

AN - 
K* - 

K c - 

b,p,q,d 


Crack depth increment 
Cyclic life increment 
Threshold stress intensity factor 
Toughness stress intensity factor 
- Constants 
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Table C-l. Sigmoidal Crack Growth Curve Constants. 


Alloy 


Test 

Stress 

ksi 

Hold 

Tine 

min 

* 

K 

ksi/in 

ksiy In 

B 

P 

Q 

D 

Inconel 718 


♦ 

650°C 

0 

10 

90 

-11 .732 

0.896 

1.569 

-1.051 

?» 


70 

15 

17 

55 

-7.779 

-2.828 

1.918 

-2.829 

*» 


75 

15 

20 

55 

-8.099 

-3.397 

1.212 

-3.003 

Y* 


80 

15 

32 

50 

-11.214 

-27.812 

1.613 

-7.S22 

H+F Rene' 95 


♦ 

0 

10 

65 

-10.185 

-0.725 

1.614 

-1.727 

ft 


65 

15 

13.5 

45 

-0.127 

-9.325 

4.386 

-3.169 

9» 


80 

15 

19.2 

60 

-0.013 

-12.428 

4.137 

-5.516 

It 


90 

15 

24.3 

60 

-1.075 

-13.322 

3.206 

-4.173 

As HIP Rene' 

95 

♦ 

0 

10 

65 

-8.856 

-1.917 

2.354 

-1.835 

If 


60 

15 

20 

60 

-0.525 

-16.847 

3.145 

-9.740 

ft 


80 

15 

19 

60 

-6.595 

-11.547 

1.548 

-10.883 

91 


90 

15 

19 

65 

-9.868 

5.355 

1.016 

-1.906 

Inconel 718 


♦ 

538°C 

0 

12 

100 

-13.04 

1.996 

0.505 

-0.356 

99 


♦ 

22 

12 

92 

-12.63 

3.38 

0.771 

-0.180 

As HIP Rene* 

95 

♦ 

0 

6.5 

66 

-14.549 

1.886 

1.898 

-0.243 


* Not Stress Dependent 


00 
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APPENDIX D 


STRESS RATIO EFFECTS IN FATIGUE CRACK PROPAGATION & FATIGUE LIFE PREDICTION 
A,1 Fatigue Crack Propagation 


A normalized stress intensity factor was used to account for non- 
unity stress ratios. An equivalent stress intensity was defined based on 
the Walker (14) relation: 


K a K (1-R) 
max 


WHERE K s equivalent stress Intensity factor 

K = maximum stress Intensity factor 
max 

R - stress ratio 
n = material dependent constant 

and the 11- 0 da/dn curve was entered at K to obtain life estimates. 

For this study n was taken as .55 for IN718 and .25 for Rene ’95 based 
on previous work within the General Electric Company. 


A. 2 


Low Cycle Fatigue 


Since the program data were generated for R = -1 and the simplified 
cycle requires R = 0 and 0,63 data, additional calculation was required to 
obtain predictions. Figure 0-1 is a schematic illustrating the procedure 
used. The figure is a plot of alternating versus mean pseudo-stress and shows 
the influence of stress-ratio on cycles to failure. Strain cycled data for 
IN718 and cast and wrought Rene’95 at 650C were used to obtain the behavior 
between R = -1 and R = 0. A postulated trend is used to predict this 
behavior for R>G. The ratio between the R = 0 and R = -1 stresses for a given 
list, from this figure is assumed to apply for the alloys in this program. 
Further this behavior is assumed to similarly apply to continuous and hold time 
LCF results (the two nickel base alloys have similar behavior except that the 
IN718 shows a stress- ratio effect for lower lives. This adds at least some 
qualitative support to the above assumptions. Figure 0-2 shows IN718 data and 
the constructed R = 0 curves for continous cycling and 15 minute hold time 
(since the data are in terms of total strain ranges, the pseudo-stress ranges 
for the disk are divided by the 650°C design modulus of elasticity 23.5 x 10 B 
psi, to obtain the total strain ranges). A modulus of 26.1 x 10 b psi was used 
for Rene '95 As-HIP and HIP + Forged. 
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Alternating Pseudo-stress 



R = .63 
fA t = .227 


Rene' 95 C&W 
-In? 18 Forged 


Pseudo fracture 
Stress 


re to Two Nickel— Base Alloys at 650° C. 
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APPENDIX E 


CRACK GROWTH - RESIDUAL LIFE ANALYSIS METHODS 


Residual cyclic lifetimes in the presence of small surface macrocracks can be 
calculated accurately if the appropriate crack growth rate curves are used and 
the functioned relationship between crack size, stress intensity factor and 
operative stress are accurately known. The method employed is schematically 
shown in Figure E-l where the cyclic crack growth rate curve (da/dN as a 
function of K) is converted to a cycle density curve (dN/da as a function of 
crack length) by the relationship K s Co (a) 1/2 # 

The area "A" under the cyclic density curve equals the residual cyclic life 
and is the number of stress cycles required to increase the crack length from 
a 0 to a c . The basis of this calculation is the crack growth rate curve which 
can be mathematically described for computational convenience by the following 
expression: 

a/ N a e® [K/K*] Q * [In (k/K*] Q * In (K /K) D 

c 

where: 

a/ N = the crack growth rate, in. /cycle 

1/2 

K* - the threshold stress, Intensity factor, ksi (in.) 

1/2 

K = the cyclic toughness, ksi (in.) 
c 

1/2 

K = the stress intensity factor range, (ksi (in.) 


and B, P, Q. and D are shape constants. 

The six parameters are evaluated by fitting the equation to a given set of 
data by regression analyses. The above equation was developed to provide 
flexibility in fitting asymmetric curves and improved efficiency in life 
prediction studies. The influence of the various constants is described in 
Appendix C. 

The life calculation method described above is the basis of the General Electric 
Company's "SET-CRACK" computer program, the output of which (Figure E-2a) lists 
cycle intervals, crack length and depth and corresponding stress intensity ranges 
K and K , at the respective locations. With these outputs, crack propagation 
measuremints and residual life observations may be compared to actual test data. 

A typical comparison is shown in Figure E-2b for As-HIP Rene '95 where an initial 
crack size was 56 mils. The excellent agreement obtained encourages evaluation 
of cyclic crack behavior with this analytic tool. 
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Surface Flawed Tensile Bor 

Strega intensity factors for the surface flawed tonsilo bar were analyzod by 
Popp, et nl (11) using formulations basod on (lie part-through crack equation 
of Irwin after suitable modification to nccount for the goomotrlc fouturos 

of the specimen. The basic oquatlon used was: 

K » 0 , (F^) . (f 2 ) . (F 3 ) . (f 4 ) 

where; 

K ss stress intensity factor either at tho maximum depth, location a, 
r on tho free surface, location c 

o=o + 0.7 (do/dx) a; for calculating K at a 

0*0 + 0,15 (do/dx) a (a/c); for calculating K at c 

s 

O = unoerturbed stress on the crackod surface 
s 

(do/dx) = stress gradient normal to tho crackod surface) 
x = normal to the cracked surface 
a = crack depth (minor elliptical radius) 

2c = total surface crack longth 
0 = elliptical integral of tho second king 
F = geometry correction factor 

To modify Irwin's approximation for tho f roe surface along tho c-nxis as a 
function of position around the elliptical crack front: 

Fj = 1,1 - 0.7 (a/c), for K at location a, 

= 1.1 + 0,12 (a/c), for K at location c 


To account for loss in load-bearing aroa with crack extension not considered 
in factor F 3 , bolow, written for uniform tension, only: 

F 2 = 1.0 + 0.25 (A c /A K )/(1-A c /A e ) 

A = crack area 
c 


A 


B 


= gross section aroa 
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To M't'mmt for mull crack tip plant to aonoa (note that the nIivhn uae«t In lie 
unperturbed value at the l«vut ion the iv k In to Ih> itet era tiled) 


V \ m ** " * *tdO/dx> )/ 0 y B ) 

- (I - a /e ) "• 0!k 
m ya 


a , • imlioUl teiiNtlt yield Hlrenitth 

yn 

Tj no count for proximity to the hack surface of liK^tion u or to the stile 
surfaces at location c t 

Fj ■ 1.0 * (a/ll) **•'* oxp | -SI. 5 tn/c) | for K nt location it, 

» 1,0 ♦ (JICAs) exp | -J.S (c/a) | for K Ht location c 
II - specimen thickness 


w - specimen width 


The 1 oh s of ar oh cornvtiim factor, ^.orlgina 1 1 v was given for lH>th tension 
atnl bonding h t cesses but whh programmed for digital computer use for tension 
only, which Is suited to the work described In tins contract* 
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APPENDIX F 


METHOD TOR OBTAINING LOCALIZED STRESS DISTRIBUTIONS 


Thor* are numerous situations during life analyses wherein the stress at a 
stress concentration exceeds the material yield strength (e.g,, bolt holes, 
fillets, dovetails). The question arises as to how to apply fracture mechanics 
in such a situation. Consider the example of a hole in a biaxially stressed 
uniform thickness plate: 



1 . Elastic Solution 

A possible approach is to ignore plasticity at the hold edge. If this is 
done one can employ the local surface stress and gradient away from surface 
to predict N R . 




o: 


19Q 


it, Ha* Up it y tnrludrd 


JJHUJJMAr 1’AtiK 18 
° h ^H»K OPACITY 


Uorauso rtf rodi a tt*4 button of atroaaon duo to plastic deformation, how- 
ovor, it becomes apparent that tin* Plastic solution probably does not 
accurately describe til* t rue fracture mechanic* aituatlon. In principle it 
mid seem possible to who tho approach described in 1 except that the at res* 
distribution should bo given in tom* of actual local *t rosson. 


A. Plant ic Solution 


Identity an elastic-plastic aolution could bo used to do to mine tbo 
aotuat stress distribution. 



This would inoludo tin* compressive at re sues when unloading occurs. 


it, Approximate Plant to Solutions 

Si not* 2 A onnnot bo achieved without extensive finite olomont modeling 
it in desirable to use an approximate approach to defining tin' aotuat stress 
distributions 


l> >.’urvp 

Uy using a o-« puovp tbo aotuat maximum stress for a a Ivon psoudo-st ress 
pan bo oat imatod, Assuming there in no const raint provided by surrounding 
elastic mat or tat e , g , , Av* t want ant, thin mothod ran provide an phi Iran to of 
tbo aotuat £ dint rt but ion, 

2 ) Nouhor Program 

In tbo oano of stress concent rat ioaa snob as bo ton and fillets, iooal 
plant io deformation ran or our which ia constrained by tbo surrounding elastic 
mat or tat such that upon unloading a compressive stress exists at tin' at roan 
raiser. Additionally an tbo material ia oyolod tbo oyolio stress-strain ourvo 
ia more dcseript Ivo of material behavior bonoo it abould bo i no o r po r a tod into 
tbo analysis. Tin 4 Noubor Program dors ( hi a. tty uaina tin' Neither rr.su 1 t h at tho 
aurfarr and fairing in a diatribuUon that oonnoota tbo otnatio and plastic 
solutions an onttmato of tho actual dint ribut ion ia poasiblo, 

* l o\ 

flan Noubor program uaos tbo theory of Noubor v to calculate a local 
atroaa that inolvuloa the relaxation duo to plaatio redistribution. at at- posh 
concentrations* Tbo program la described in dot all In Reference . 

Musically, tbo program reties on tbo oquntlont 
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whs re : 


K3 t » KC K a 


K t ■ "Hookian" or elastic 
*» stress concentration 
K ( * strain concentration 
By substituting definitions and 
On A l” 


stress concentration factor 

factor 

factor 

postulating a strain hardening relation: 


where: 


a #» cyclic stress 

*p * plastic cyclic strain 

A » strength coefficient 


and: 


n » strain hardening exponent 

expressions can bo obtained for the local notch root stress and strain In terms 
of the not soction stress and K t , By using the cyclic stress strain curve to 
determine A and n, as opposed to the monotonic curve, an attempt is made to 
account for cyclic hardening or softening. Reference 18 shows good correlation 
with fatigue tost data whoa fatigue life predictions are made using stresses 
from this program. 

It is anticipated that this correlation carries over to the fracture mechanics 
application to tho same degree. 
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